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Introduction
In this introduction, the main aspects and challenges of aerobic and anaerobic 
wastewater treatment are discussed first. Previous and recent findings on 
microorganisms performing nitrite-dependent methane oxidation (n-damo) are 
summarized in the second part of the introduction. This is finally followed by the 
outline of this thesis.
The research described in this thesis was funded by the Dutch Technology 
Foundation STW (Stichting Technologie Wetenschappen). This STW project entitled 
“Denitrification with dissolved methane from anaerobic digestion: a novel opportunity 
for sewage treatment” (project number 07736) was a collaboration between the 
Department of Microbiology of the Radboud University Nijmegen and Sub-department 
of Environmental Technology of the Wageningen University. The experiments at the 
Wageningen University focused on the integration of n-damo with anaerobic sewage 
treatment and optimization of nitrogen removal by n-damo. The research at the 
Radboud University Nijmegen focused on several microbiological aspects of nitrite- 
dependent methane oxidation that are of importance with respect to future application.
Wastewater treatment
In the last decades agriculture, using increasingly nitrogen-based artificial 
fertilizers, and industry have strongly influenced the global nitrogen cycle (Galloway et 
al., 2008). One of the effects of excessive nitrogen release to the environment is 
eutrophication of surface water. To prevent nitrogen pollution, wastewater needs to be 
treated before it can be discharged in compliance with the stringent nutrient effluent 
standards of the EU (http://ec.europa.eu/environment/water/water-urbanwaste/). The 
levy for each kilogram of nitrogen discharged is € 3 at the moment. In The Netherlands 
approximately 15000 ton of N are discharged every year (www.cbs.nl report: 
‘Verwijdering van fosfaat en stikstof door rioolwaterzuiveringsinstallaties, 2008’).
In conventional wastewater treatment systems for nitrogen removal, aeration is 
necessary for bacterial nitrification that converts ammonium (NH4+) into nitrate (NO3-). 
Subsequently, supply of organic compounds is required for the biological conversion 
of nitrate or nitrite (NO2-) to eventually dinitrogen gas (N2) by denitrifying 
microorganisms. Nowadays, expensive electron donors like methanol or acetic acid 
often have to be purchased. The introduction of these compounds results in a relatively 
high biomass production and high specific costs for e.g. storage and safety measures. 
Because of these disadvantages, it is important and scientifically challenging to search 
for alternative electron donors or entirely new innovative systems.
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Compared to conventional aerobic processes, anaerobic wastewater treatment 
has several advantages such as reduced production of excess sludge, a smaller footprint 
and the production of biogas (methane) from organic compounds which can be used as 
an energy source (van Haandel, 1994; Lema and Omil, 2001; Aiyuk et al., 2006). One 
of the most established anaerobic techniques is the upflow anaerobic sludge blanket 
(UASB) reactor (Lettinga et al., 1980). The microbial community present in the UASB 
reactor degrades organic matter in absence of oxygen eventually into the major end 
products ammonium and (dissolved) methane (Toerien and Hattingh, 1969), of which 
the latter is recycled and can be used as energy source (see below). The produced 
ammonium should be removed in accordance with the stringent rules for nitrogen 
compounds in wastewater effluent. Anaerobic ammonium oxidation (anammox) has 
already been recognized as a cost-effective and environment-friendly alternative to 
conventional nitrogen removal systems for these relatively concentrated and warm 
digester effluents (Kartal et al., 2010). Different configurations of anammox reactors 
are successfully applied in full scale sewage treatment plants to treat these high 
ammonium loaded wastewaters (Jetten et al., 1997; van der Star et al., 2007, Abma et 
al., 2010).
As mentioned above, methane is a major end product of anaerobic digestion. 
Methane in the gas phase can be collected easily and used as an energy source, but the 
dissolved methane is difficult to recover especially at lower temperatures. The release 
of this dissolved methane into the environment contributes to the greenhouse effect 
(Cakir and Stenstrom, 2005; Bogner et al., 2008) and should therefore be prevented. 
Several studies have highlighted the possibility of methane oxidation under oxygen 
limitation, where methane is partially oxidized, and the resulting organic compounds 
like methanol or acteate are subsequently used by denitrifiers yielding carbon dioxide 
(CO2) and dinitrogen gas (Costa et al., 2000; Waki et al., 2002; Waki et al., 2009). In 
2004, Islas-Lima et al. used biomass that was pre-incubated with acetate and obtained 
the first indications that anaerobic methane oxidation could be coupled to 
denitrification. In their study, the authors obtained only relatively low conversion rates 
and did not address the question which microorganisms could be responsible for this 
new process, (Islas-Lima et al., 2004). Nevertheless, these results were a stimulant to 
continue the search for microbes responsible for anaerobic methane oxidation coupled 
to denitrification (Strous and Jetten, 2004).
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Nitrite-dependent anaerobic methane oxidation
Nitrite-dependent anaerobic methane oxidation (n-damo) is described by the 
following reaction: 3 CH4 + 8 NO2- + 8 H+ ^  3 CO2 + 4 N2 + 10 H2O (eqn. 1). This 
process yields a substantial amount of free energy (G° = -928 kJ/mol of methane) that 
is comparable to the exergonic reaction when oxygen is used as electron acceptor (G° = 
-818 kJ/mol of methane). However, it is relatively difficult to activate methane 
biochemically without oxygen (activation energy is 439 kJ/mol) (Thauer and Shima, 
2008). Using oxygen as a highly reactive co-substrate to break H-CH3 bonds, a reaction 
catalyzed by methane monooxygenase (MMO), the aerobic methanotrophs are able to 
use methane as carbon and energy source (Hanson and Hanson, 1996; Trotsenko et al.,
2008). Aerobic methanotrophs are members of the class Alpha- or 
Gammaproteobacteria or Verrucomicrobia (Murrell and Jetten, 2009; Op den Camp et 
al., 2009). One of the natural sources of methane production is the activity of 
methanogenic archaea present in many oxygen limited natural or engineered 
ecosystems (Garcia et al., 2000; Cavicchioli, 2010). The produced methane can diffuse 
from the anoxic to the oxic zone; hereby providing the aerobic methanotrophs with 
their carbon and energy source (Hanson and Hanson, 1996; Brune et al., 2000). 
Methane oxidation under anoxic conditions was long assumed to be biologically 
impossible, because of the high activation energy, but over time this opinion has 
gradually changed (Strous and Jetten, 2004). Studies on anaerobic methane oxidation 
coupled to sulfate reduction in anoxic marine sediments and waters were reported 
several decades ago (Barnes and Goldberg, 1976; Panganiban et al., 1979; Valentine, 
2002). Most probably this process is performed by specific consortia consisting of 
anaerobic methanotrophic archaea (ANME) performing reverse methanogenesis 
together with sulfate reducing bacteria (SRB), as reviewed by (Knittel and Boetius,
2009).
In 2006, new methane munching microbes performing the n-damo process 
were discovered (Raghoebarsing et al., 2006). Originally a consortium of bacteria, 
which belonged to the candidate division ‘NC10’ (Rappe and Giovannoni, 2003), and 
archaea was detected in the enrichment culture obtained from ‘Twentekanaal’ 
sediment. It was postulated that the archaeon performed ‘reverse’ methanogenesis 
coupled to bacterial denitrification. However, over time the archaea disappeared from 
the enrichment cultures, while n-damo activity remained (Ettwig et al., 2008). 
Apparently the ‘NC10’ bacteria performed the n-damo process by themselves. The 
‘NC10’ phylum consists of sequences obtained from many freshwater as well as
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marine samples. New primers were developed to target bacteria affiliated with the 
‘NC10’ phylum (Ettwig et al., 2009). Based on the obtained sequences and ‘NC10’ 
sequences already present in GenBank, this cluster could be divided into four different 
sub-clusters: a,b,c and d. Sequences from active methane oxidizing enrichment cultures 
so far clustered with group a with other groups only known from environmental 
screening. This suggests that bacteria present in sub-cluster a are responsible for the n- 
damo process.
In 2009, a n-damo enrichment was obtained from a ditch in the ‘Ooijpolder’, 
The Netherlands (Ettwig et al., 2009). Similar to the first n-damo enrichment culture 
(Raghoebarsing et al., 2006), the culture was dominated by ‘NC10’ bacteria (doubling 
time of approximately 1-2 weeks) but no archaea were detected in this culture. On the 
other hand, a study in Australia reported enrichment cultures of ‘NC10’ bacteria from a 
mixed inoculum (freshwater sediment, anaerobic sludge and return activated sludge) 
where archaea were detected (Hu et al., 2009). Based on a follow up study, it was 
suggested that these archaea might be involved in nitrate reduction, whereas n-damo 
performing bacteria may prefer nitrite as an electron acceptor (Hu et al., 2011).
The genome of the dominant bacteria responsible for n-damo could be 
assembled from a metagenome of the enrichment culture mentioned above and was 
tentatively named ‘Candidatus Methylomirabilis oxyfera’ (Ettwig et al., 2010). This 
genome contained genes of both anaerobic and, interestingly, aerobic metabolic 
pathways. It harbored, transcribed and expressed the complete aerobic pathway to 
oxidize methane, including the operon encoding methane monooxygenase (MMO) an 
enzyme that catalyzes the first step in aerobic methane oxidation. Particulate methane 
monooxygenase subunit A (pmoA) is one of the subunits of MMO and a well known 
functional marker to detect methanotrophic bacteria (McDonald et al., 2008). pmo 
primers provide a useful tool for obtaining a simultaneous functional and taxonomic 
inventory of methanotrophs in the environment (Kip et al., 2010). The denitrification 
pathway in the genome of M. oxyfera was found to be not complete. The known genes 
nosDFYZ encoding nitrous oxide reductase were missing and the accessory gene nosL 
appeared not to be expressed. This indicated that another new denitrification pathway 
had to be operative (Wu et al., 2011a). How does this organism solve the apparent 
paradox between n-damo activity and the ‘aerobic’ genes present in the genome? 
Stable isotope studies were performed and suggested that this organism could make its 
own molecular oxygen from nitrite via nitric oxide (Ettwig et al., 2010). The produced 
oxygen was mainly used to oxidize methane in an anaerobic environment according to 
the expected stoichiometry (eqn.1, Fig. 1). The remainder of the oxygen produced
11
could be used by other processes, possibly via respiration by terminal oxygen 
reductases. In the M. oxyfera genome four sets of genes encoding terminal oxygen 
reductases are present of which at least one is expressed, suggesting that this organism 
is able to respire nitrite and oxygen at the same time (Wu et al., 2011b).
It seems that M. oxyfera is well equipped to inhabit the anoxic/oxic interface 
(Zhu et al., 2010). These characteristics of M. oxyfera make it an interesting candidate 
organism to be applied in a more sustainable way of treating wastewater, possibly in 
combination with the anammox process. If methane could be used to drive 
denitrification in a n-damo process, this would circumvent the need for expensive 
electron donors (like methanol) for nitrogen removal. Such a system would offer a 
number of potential advantages compared to conventional nitrogen removal systems 
including lower costs, lower production of biosolids and lower energy consumption.
Figure 1: The carbon and nitrogen cycle including the nitrite-dependent methane oxidation process 
performed by M. oxyfera bacteria (represented in grey). Adapted from (Ettwig, 2010).
Outline of this thesis
In order to apply M. oxyfera bacteria successfully in wastewater treatment, 
their metabolism and its regulation must be better understood and a suitable source of 
M. oxyfera bacteria must be available to start up new reactors. This thesis describes 
several microbiological aspects of nitrite-dependent methane oxidation with respect to
12
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future application of the process. Several M. oxyfera enrichment cultures were 
established to produce enough biomass for the necessary physiological experiments. 
The enrichment cultures were monitored using fluorescence in situ hybridization 
(FISH) and phylogenetic analysis. Specific activities were measured by batch 
incubations using analytical methods like gas chromatography (GC), GC coupled to 
mass spectrometry and colorimetric analysis. In addition, metagenome and 
metatranscriptome data were either available or newly obtained to investigate the 
community composition or gene expression under different conditions.
Primers targeting the 16S rRNA gene of M. oxyfera were available for the 
detection in environmental samples (Ettwig et al., 2009), but primers targeting a 
functional gene were not developed yet. In chapter 2, the design of primers targeting 
the pmoA gene of M. oxyfera-like bacteria is described. Environmental samples from 
different origin, including wastewater treatment plants (WWTP), were screened using 
these novel primers. Hereby, a new tool for detection of M. oxyfera-like bacteria was 
provided.
Chapter 3 describes the screening of ten WWTPs for M. oxyfera bacteria, in 
order to find suitable inocula to start pilot scale reactors. In addition, an enrichment 
culture performing n-damo was obtained using sludge of a selected WWTP. This 
enrichment culture was monitored using primers targeting the pmoA  gene (chapter 2).
The enrichment cultures used in our investigations are dominated for 70-80% 
by M. oxyfera, but it is unknown what function or which effect the remaining 
population (20-30%) has on M. oxyfera growth and activity. In chapter 4 the 
community composition is analyzed using FISH and the available metagenomic and 
metatranscriptomic data. We showed that no single clade, beside M. oxyfera, was 
highly represented. However, there were still niches present in the bioreactor that allow 
other microorganisms to grow, in particular organisms performing processes related to 
C1 utilization, denitrification, degradation and remineralization.
In chapter 5, two processes important for the treatment of wastewater 
containing substantial amounts of ammonium and methane, are combined: nitrite- 
dependent anaerobic ammonium (anammox) and methane oxidation (n-damo). By 
addition of ammonium to a n-damo enrichment culture containing residual amounts of 
anammox bacteria, a stable coculture was obtained. Methane, nitrite and ammonium 
were removed simultaneously.
In chapter 6 an enrichment culture of M. oxyfera bacteria performing n-damo 
was exposed to either 2 or 8% of pure oxygen, to predict whether these cells are able to 
cope with oxygen which is a condition relevant to wastewater treatment if methane and
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ammonium have to be removed in a single oxygen limited reactor system. The n-damo 
process and most vital cell functions were affected after 2 and 8% of oxygen exposure 
indicating that sophisticated oxygen control strategies are necessary.
Chapter 7 summarizes and integrates the obtained results of the afore­
mentioned chapters and identifies some of the questions that need to be addressed 
further with respect to the future application of the n-damo process in wastewater 
treatment.
14
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pmoA primers for detection of 
anaerobic methanotrophs
Luesken FA, Zhu B, van Alen T, Butler MK, Rodriguez Diaz M, Song B, 
Op den Camp HJM, Jetten MSM, Ettwig KF (2011). pmoA primers for 
detection of anaerobic methanotrophs. Appl Environ Microbiol 77: 3877-3880
Published pmoA primers do not match the pmoA sequence of ‘Candidatus 
Methylomirabilis oxyfera’  a bacterium that performs nitrite-dependent 
anaerobic methane oxidation. Therefore, new pmoA  primers for the detection of 
M. oxyfera--like methanotrophs were developed and successfully tested on 
freshwater samples from different habitats. These primers expand existing 
molecular tools for the study of methanotrophs in the environment.
Aerobic methane oxidation is performed by several specialized groups of 
bacteria, which are widely distributed in the environment (Hanson and Hanson, 1996). 
The first step of aerobic methane oxidation is the conversion of methane to methanol 
catalyzed by either soluble or particulate methane monooxygenase (pMMO). The alpha 
subunit of pMMO, encoded by the pmoA gene, is highly conserved (Hakemian and 
Rosenzweig, 2007) and often used as a functional marker for analyzing methanotrophs 
in the environment (McDonald et al., 2008). The first oligonucleotide primers targeting 
the pm oA  gene, A189 and A682, have been used extensively in environmental studies 
(McDonald et al., 2008). As the pm oA  gene phylogeny is largely comparable to the 
16S rRNA gene phylogeny (Holmes et al., 1995; Kolb et al., 2003), pmo primers 
provide a useful tool for obtaining simultaneous functional and taxonomic inventories 
of methanotrophs in the environment (Kip et al., 2010).
Recently, new pmo-like (pxm) genes in cultured, methanotrophic 
Gammaproteobacteria (Tavormina, 2010) and new groups of aerobic methane 
oxidizers with divergent particulate methane monooxygenase (pmo) genes were 
discovered. Most noteworthy are the proteobacterial Crenothrix polyspora (Stoecker et 
al., 2006) and three acidophilic verrucomicrobial Methylacidiphilum  species (Op den 
Camp et al., 2009). The presence of a complete pmo gene cluster in the genome of the 
anaerobic, methanotrophic nitrite-reducing bacterium ‘Candidatus Methylomirabilis 
oxyfera’ (Ettwig et al., 2010) further expanded the array of pmo  gene diversity. M. 
oxyfera, a member of the uncultured ‘NC10’ phylum (Raghoebarsing et al., 2006), 
forms a novel taxonomic group of bacterial methanotrophs (reviewed by Wu et al., 
2011a). The presence of pmo genes in an anaerobe was explained by the unusual 
metabolism of M. oxyfera: molecular oxygen was produced from nitric oxide, an 
intermediate of denitrification, and then used to oxidize methane via the complete 
aerobic pathway starting with pMMO (Ettwig et al., 2010).
It was not possible to amplify pmoA  genes with the most commonly used 
forward primer A189 and the reverse primers A682 (Holmes et al., 1995), mb661 
(Costello and Lidstrom, 1999) and A650 (Bourne et al., 2001) even from M. oxyfera
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enrichment cultures. The alignment of the primers with the pmoA  sequence of M. 
oxyfera revealed several critical mismatches especially with the reverse primers (Fig.
1), explaining the failure to obtain a PCR product. Based on this alignment, new pmoA 
primers were developed. We changed one nucleotide to a wobble base in the forward 
primer A189, resulting in a general degenerate primer A189_b (Fig. 1), matching most 
methanotrophs in the database with the exception of the genus Methylacidiphilum. The 
reverse primer A682 differed in eight nucleotides compared to the pmoA  sequence of 
M. oxyfera. Therefore, the newly developed reverse primer designated cmo682 
specifically targets M. oxyfera-like bacteria. Also, a second set of primers for a nested 
PCR approach specific for nitrite-dependent anaerobic methane oxidizing bacteria was 
developed based on this alignment. These were named cmo182 and cmo568 (Fig. 1) 
and used in a nested approach after the amplification with A189_b and cmo682. The 
newly designed primers were first tested with DNA extracted from Ooijpolder drainage 
ditch sediment, which had previously been used to obtain an enrichment culture 
performing nitrite-dependent anaerobic methane oxidation (Ettwig et al., 2009). The 
same approach was then used to screen samples from several oxygen limited 
freshwater habitats, an alpine peat bog (China), wastewater treatment plants (WWTP, 
The Netherlands) and contaminated aquifers (USA, The Netherlands) for the presence 
of M. oxyfera-like bacteria (Table 1). There is circumstantial evidence for the 
occurrence of anaerobic methane oxidation in the contaminated aquifers (Smith et al., 
1991; van Breukelen and Griffioen, 2004).
Table 1 : Overview of sampling locations.
Site
abbreviation
Sampling
location
Geographic
coordinates Environment Reference
Ooijpolder Nijmegen,NL 51°50'N,5°54'E Ditch Ettwig et al 2009
Zoige Tibet plateau,China 33°56'N,102°52'E Peatbog Zhang et al 2008
Cape Cod Massachusetts,USA 41°41'N,70°17'W Aquifer, Smith et al 1991,
well F168 Miller et al 2009
Banisveld Oirschot,NL 51°33'N,5°17'E Aquifer, Van Breukelen et al 2004
3.2 m depth
Lichtenvoorde Lichtenvoorde,NL 51°59'N,6°34'E WWTP*
Rotterdam Rotterdam,NL 51°55'N,4°28'E WWTP* Van der Star et al 2007
* WWTP = wastewater treatment plant
# http://www.waterstromen.nl/onze_activiteiten/afvalwaterbehandeling/afvalwaterzuivering_royal_dutch 
tanneries_lichtenvoorde.aspx
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Nucleotide position on M. capsulatus str. Bath 136 153 182 199 54 9 64 9 666
AE017282 Methylococcus capsulatus str. Bath 
AB253367 Methylomicrobium japanense str. NI 
AB275418 Methylocaldum sp. T 025 
AB501285 Methylovulum miyakonense str. HT12 
DQ119048 Methylosinus sporium str. LC3 
BX649604 Methylocystis str. SC2 
DQ379514 Uncultured Methylocystis sp. GSC357 
EF623812 UB Schoehsee sediment Germany Ssedi43 
EU722433 Methylomonas methanica S1 
EF175100 Nitrosospira sp. EnI299 
AF042171 Nitrosolobus multiformis str. Nm24C 
AL954747 Nitrosomonas europaea str. ATCC 19718 
DQ2 95 901 Crenothrix polyspora 3 
AF047705 Nitrosococcus oceani ATCC19707 
EF591085 Methylacidiphilum fumariolicum PmoA1 
EF591086 Methylacidiphilum fumariolicum PmoA2 
EF591087 Methylacidiphilum fumariolicum pmoA3 
FJ462791 Methylacidiphilum kamchatkense PmoA4 
DQ3 67738 UB Sediment Lake Washington pmoAg3 
EU723734 UB forest soil Hawaii ML22 
EU723750 UB forest soil Hawaii CCRd431 
FP565575 Candidatus Methylomirabilis oxyfera 
New pmoA primers for ”Ca. M. oxyfera" 
pmoA primers (Holmes et al. 1995)
ATGGGTGACTGGGACTTCTGGTCG
GGCGGTGACTGGGATTTCTGGACT
ATGGGTGACTGGGACTTCTGGGCG
GGGGACTGGGACTTCTGGGTT
GGGGACTGGGACTTCTGGGTC
GCCGGCGACTGGGACTTCTGGATC
GCGGGCGACTGGGACTTCTGGGTC
GGTGACTGGGACTTCTGGGTC
GGCGATTGGGACTTTTGGGTC
GCAGGCGACTGGGACTTCTGGCTG
GCGGGAGACTGGGACTTCTGGCTT
GCAGGTGACTGGGATTTCTGGATG
GGACACTGGGACTTCTGGCTC
ATGGGGGACTGGGACTTCTGGGTT
GCCGGGGACTGGTCCTTCTGGATC
GCTGGGGATTGGTCATTTTGGACC
GAAGGAGACTGGAGCTTCTGGATA
GCTGGAGACTGGTCTTTTTGGATC
GGGGACTGGGACTTCTGGACC
GGAGACTGGGACTTCTGGACC
GGGGACTGGGACTTCTGGGTC
GTTGGCGACTGGGACTTCTGGCTG
GGNGACTGGGACTTYTGG
GGNGACTGGGACTTCTGG
GGGTCACGGTGACCCCGATCGTAC 
GGGTAAC TGTAGCGCCAATCGTTT 
GGGTGACGGTGACGCCGAT TGTGT 
GGGTCACCGTAGTTCCCATTGTAT 
GGCCGAC CGTCATCCCGATCCTGG 
GGCCGACGGTGACGCCGATCGTCG 
GGCCGACGGT TATTCCGATCCTGG 
GGGTGACGGTCACACCGATTGTAG 
GGCCATT GGT CACACC CT TAATCG 
GGCCGGTAGTGACCCCCATCGTGG 
GGCCTGTCGTGACC CC CATCGTAG 
GGCCGGTTGTAACGCCAATCGTGG 
GGCCGATCGTGACACCAGT TACCC 
GGGTCAC CGTAGTT CC CAT TGTAT 
GGCCAGT GGT TGCCCC TATCATGG 
GGCCAGTTGT TGCGCCAAT TGCAG 
TTCCAATTTTAGGAGT CATCTCCT 
GGCCAGTCATAGTT CCAAT TGCGA 
GGCTCGTGGTGACGCCGGTCTCGC 
GGCTGGTGGTGACGCCGATCTCGC 
GGCTGGTGGTGACGCCGATCTCGC 
GGGTCACGTTGACGCCGATCCTGT 
TCACGTTGACGCCGATCC
CATCCAGGGTTACAACTATGTGCGTA 
CCTTCAAGGTTACCACTATGT TAGAA 
CATTCAGGGTTACCACTATGTCCGTA 
TATTATGGGCTACCAATACGTCCGGA 
TCTGATCGGCCTCCACT TC GT C CGCA 
CCTCAT CGGCTTCAACTACGTCCGCA 
TCTGATCGGCCTGCACT TC GT C CGCA 
TTATATGGGATT CAC GTAT GT CC GTA 
TTTGTTCGGTTTCCAATATAT CCGTA 
CTACACCGGCTTCCTGTACGTTCGCA 
CTACACCGGCTTTTTGTATGTACGCA 
TTACATGGGACATCTGTATGTTCGTA 
CTACATGGGCTTCATGTATGTTCGTA 
TATTATGGGCTACCAATACGT C CGGA 
CCTGATTCAATATCAGTACAT C CGAA 
TCTCAT CCAGTATGAATACATCCGGA 
TTACAT CGGATTTTCCTATGT CCGTT 
TCTTAT TCAATACCAGTATAT T CGAA 
CCTCCAGGGTTTC GAGTACAT TC GCA 
CTTGCAAGGCTTCGAGTACATTCGCA 
CCTTCAGGGGTTCGAGTACATCCGCA 
TCTGATGGGGATGGAGTATGTGCGCT 
GATGGGGATGGAGTATGTGC
TCGGCATTCTTCTCCGCGTTCATG 
TCAGC GTTCTTCTC TGGT TT CGTA 
TCGGC GTTCTTCTC GGCC TT CATG 
TCAGC TTTCTTCTC GGGT TGGTGA 
GCCGC GTTCTTCTCCGCGTTC 
GCCGCCTTCTTCTCCGGC TT CATT 
GCCGCGTTCTTCTCGGGCTTCGTC 
TCAGC CTTCTTCTCTGCCTTC 
GCGGCATTTTGTTCGGCACTGTTA 
GCCTCATTCTTTGCCGCCTTCGTC 
GCCGCATTCTTCTCCGCATTCGTC 
GCAGCATTCTTCTCTGCGTTCGTA 
TCCGC GTTCTTCT CAGCGTTC 
TCAGC TTTCTTCTC GGGT TTTGTT 
TCGGCATTTTTCT CAGGATTCTGT 
TCCGCATTCTTCTCCGGT TTTGTA 
GCCATATTCTTCAGTGGTGTTGTT 
TCCGCTTTCTTTTC TGGGTT TATA 
TCGGC GTTCTTCT CAGCGTTC 
TCCGC GTTCTTCT CAGCGTTC 
TCGGC GTTCTTCTCCGCGTTC 
TCCTCGTTCTTCGCCGGATTTATT 
TCGTTCTTYGCCGGRTTT 
GCSTTCTTCTCNGCSTTC
cmo182 cmo682
Figure 1: Alignment using MEGA4 (Tamura et al., 2007) of newly developed primers for the alpha 
subunit of particulate methane monooxygenase (pmoA) of Candidatus Methylomirabilis oxyfera and 
nucleotide sequences encoding the pmoA genes of different methanotrophic Gammaproteobacteria 
(GenBank accession no. AE017282, AB253367, AB275418, AB501285, DQ295901), 
methanothrophic Alphaproteobacteria (DQ119048, BX649604, DQ379514, EF623812), and 
Verrucomicrobia (EF591085, EF591086, EF591087, FJ462791); different ammonia monooxygenase 
(amoA) sequences of nitrifying Betaproteobacteria (EF175100, AF042171, AL954747), amoA 
sequences of nitrifying Gammaproteobacteria (AF047705); pxmA sequences of methanotrophic 
Gammaproteobacteria (EU722433); and pmoA of different uncultured methanotrophs of unknown 
affiliation (DQ367738, EU723734, EU723750). Identical nucleotides are shaded grey. Primers cmo568 
and cmo682 are shown as the reverse complementary sequence.
To extract DNA from the samples of Ooijpolder, Banisveld, Rotterdam and 
Lichtenvoorde (Table 1), biomass was collected by centrifugation. The pellets were re­
suspended in 120 mM sodium phosphate buffer, glass beads (~0.3 g, 0.25 mm 
diameter) were added and bead beating (Retsch MM301) was performed for 60 s at 30 
Hz. DNA was extracted and purified according to (Kowalchuk et al., 2004). For the 
nitrogen contaminated Cape Cod aquifer (Miller and Smith, 2009), 2 L of groundwater 
from 8.9 m depth (relative to mean sea level) at sampling site F168 was filtered using a 
Sterivex cartridge filter (0.2 ^m membranes, Millipore, USA). The membrane filter 
was used for DNA extraction. DNA from Cape Cod as well as Zoige soil (0.25 g), was 
extracted using the PowerSoil® DNA isolation kit (MO BIO Laboratories Inc., USA) 
according to manufacturer’s protocol.
To amplify the pmoA  gene fragment, the primers A189_b and cmo682 were 
used for the first PCR, and cmo182 and cmo568 for the second PCR. For both PCRs, 
thermal cycling was performed with an initial melting step for 4 min at 94°C, followed 
by 35 cycles of denaturation at 94°C for 1 min, annealing using a temperature gradient 
from 50-60°C (Zoige sample: 53-63°C) for 1 min and elongation at 72°C for 1.5 min.
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Finally an elongation step at 72°C for 10 min was performed. After PCR, amplicons of 
all annealing temperatures were pooled to minimize random polymerase errors and the 
effects of primer mismatches. All PCRs were performed with the Quanta BioScience 
Inc, PerfeCTa® SYBR® Green FastMix® (Gaithersburg, USA).
PCRs with the primers A189_b and cmo682 on DNA from Ooijpolder 
sediment yielded faint and multiple PCR bands, whereas the nested PCR on the pooled 
amplicons of the first PCR with primers cmo182 and cmo568 resulted in a strong and 
single band on gel with the correct size (389 bp). The PCR product mix was ligated 
into the pGEM-T Easy cloning vector, and cloned according to manufacturer’s 
instructions (Promega, USA). Plasmids were isolated from randomly selected clones 
for each PCR product with the GeneJet Miniprep Kit (Fermentas, Lithuania). The 
plasmids were sequenced using the M13 forward primer. Sequences were checked for 
quality with Chromas Lite 2.01, erroneous sequences were removed and BLAST 
search analysis was performed (http://www.ncbi.nlm.nih.gov/Blast.cgi). Sequences 
matching with pmoA were aligned to a dataset of different pmoA, pxmA and amoA 
sequences using the MEGA 4 software package and the Clustal W algorithm (Tamura 
et al., 2007). Representative sequences from each location were submitted to Genbank 
(accession numbers HQ698926-HQ698937). A phylogenetic tree, with the pmoA 
sequences of Methylacidiphilum as an outgroup, was calculated with the neighbor- 
joining method and tree topology robustness was tested by bootstrap analysis of 1000 
replicates (Fig. 2).
Similar to the results with Ooijpolder samples, the direct PCR on different 
environmental samples using the primer combination A189_b and cmo682 yielded 
multiple PCR products. Therefore, the same nested approach as described above was 
applied. From all the different environments analyzed (Table 1), pmoA sequences 
closely related to M. oxyfera (at least 85.5% nucleotide identity and 92% protein 
identity) were retrieved of which most cluster according to location (Fig. 2). Together 
they form a distinct group affiliated to the pmoA  genes of aerobic methanotrophs (Fig. 
2). The closest related sequences obtained with PCR using the conventional pmoA 
primers (Knief et al., 2006; Kalyuzhnaya et al., 2008; King and Nanba, 2008) were not 
targeted by the new primers (Fig. 1). All newly obtained sequences share the insertion 
of a proline at position 131 (Ettwig et al., 2010), a distinct feature compared to the 
known methane or ammonium monooxygenases. The fact that they are not very 
divergent from each other may reflect functional conservation, in relation with the 
oxygenic pathway. This study provides a rapid and robust method for the amplification 
of ‘NC10’ phylum pmoA  genes and enables the screening of different environments.
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Figure 2: Phylogenetic tree of amoA, pmoA and pxmA nucleotide sequences, including the sequences 
obtained in this study with Methylacidiphilum as the outgroup. The tree was calculated using the 
neighbor-joining method. Bootstrap support values greater than 60% (n= 1,000) are indicated at the 
nodes.
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Diversity and enrichment of nitrite-dependent 
anaerobic methane oxidizing bacteria 
from wastewater sludge
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Kampman C, Hendrickx TLG, Zeeman G, Temmink H, Strous M, Op den 
Camp HJM, and Jetten MSM (2011). Diversity and enrichment of nitrite- 
dependent anaerobic methane oxidizing bacteria from wastewater sludge.
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Recently discovered microorganisms affiliated to the bacterial phylum ‘NC10’, 
named ‘Candidatus Methylomirabilis oxyfera’, perform nitrite-dependent 
anaerobic methane oxidation. These microorganisms could be important players 
in a novel way of anaerobic wastewater treatment where ammonium and residual 
dissolved methane might be removed at the expense of nitrate or nitrite. To find 
suitable inocula for reactor startup, ten selected wastewater treatment plants 
(WWTPs) located in The Netherlands were screened for the endogenous presence 
of M. oxyfera using molecular diagnostic methods. We could identify ‘NC10’ 
bacteria with 98% similarity to M. oxyfera in nine out of ten WWTPs tested. 
Sludge from one selected WWTP was used to start a new enrichment culture of 
‘NC10’ bacteria. This enrichment was monitored using specificpmoA primers and 
M. oxyfera cells were visualized with fluorescence oligonucleotide probes. After 
112 days, the enrichment consumed up to 0.4 mM NO2" per day. The results of 
this study show that appropriate sources of biomass, enrichment strategies and 
diagnostic tools existed to start and monitor pilot scale tests for the 
implementation of nitrite-dependent methane oxidation in wastewater treatment 
at ambient temperature.
INTRODUCTION
Anaerobic nitrite-dependent methane oxidation is a recently discovered 
process performed by bacteria with doubling times of approximately 1-2  weeks 
(Raghoebarsing et al., 2006; Ettwig et al., 2008). The dominant bacteria present in the 
anaerobic enrichment cultures were members of the ‘NC10’ phylum (Ettwig et al., 
2009; Hu et al., 2009). The genome of this dominant bacterium, named ‘Candidatus 
Methylomirabilis oxyfera’, could be assembled from metagenomic data resulting in a 
2.7 Mb circular single chromosome which contained genes of both anaerobic and, 
surprisingly, aerobic metabolic pathways (Ettwig et al., 2010). The genome harbored 
the complete aerobic pathway to oxidize methane, including the pmoCAB operon 
encoding the particulate methane monooxygenase (pMMO) complex for which 
recently PCR primers were developed (Luesken et al., 2011a). Conversely, the 
denitrification pathway was not complete. Genes nosDFYZ encoding nitrous oxide 
reductase were missing from the genome and nosL appeared not to be expressed, 
indicating that another denitrifying pathway had to be operative (Wu et al., 2011a). 
Dedicated stable isotope studies showed that this organism could make its own 
molecular oxygen from nitrite via nitric oxide (Ettwig et al., 2010). The produced
26
oxygen was mainly used to oxidize methane in an anaerobic environment according to 
the expected stoichiometry: 3 CH4 + 8 NO2- + 8 H+ ^  3 CO2 + 4 N2 + 10 H2O (eqn. 1) 
(Wu et al., 2011a).
Anaerobic wastewater treatment compared to conventional aerobic processes 
has advantages like a reduced production of sludge, a smaller footprint and the 
production of biogas (methane) which can be used as an energy source (van Haandel, 
1994; Lema and Omil, 2001; Aiyuk et al., 2006). One of the most established 
anaerobic techniques is the upflow anaerobic sludge blanket (UASB) first described by 
Lettinga et al., (1980). In absence of oxygen the microbial community, present in the 
UASB reactor, degrades organic matter eventually into the main products ammonium 
and methane (Toerien and Hattingh, 1969). The produced ammonium should be 
removed in accordance with the stringent rules for nitrogen compounds in wastewater 
effluent (http://ec.europa.eu/environment/water/water-urbanwaste/index_en.html). 
Methane contributes to the greenhouse effect when released to the environment and 
should therefore be removed or used in an energy efficient way (Cakir and Stenstrom, 
2005; Bogner et al., 2008). M. oxyfera-like bacteria could use methane to drive 
denitrification, circumventing the purchase of electron donors like methanol for 
nitrogen removal. To obtain sufficient oxidized nitrogen for methane oxidation by M. 
oxyfera-like bacteria, partial nitrification of ammonium could be used (van Dongen et 
al., 2001). This makes M. oxyfera-like bacteria important candidates for a novel way of 
sustainable anaerobic wastewater treatment.
To date, enrichment cultures of M. oxyfera have been obtained from two 
different freshwater systems in The Netherlands (Raghoebarsing et al., 2006; Ettwig et 
al., 2009). In addition, enrichments of ‘NC10’ bacteria were obtained from a mixed 
sample of freshwater sediment, anaerobic sludge and return activated sludge (Hu et al.,
2009). In the present study we detected M. oxyfera-like bacteria in nine out of ten 
screened wastewater treatment plants (WWTPs) located in The Netherlands using 16S 
rRNA gene analysis. One of these WWTPs was selected and biomass was used to start 
an enrichment culture of M. oxyfera. At the end of the experimental period, this 
enrichment was capable of nitrite-dependent methane oxidation with conversion rates 
of 0.3 nmol CH4 min-1 mg protein-1 and 0.9 nmol NO2- min-1 mg protein-1 at ambient 
temperature.
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MATERIALS AND METHODS
Sampling sites
All the WWTP sludge samples used for screening came from plants located in 
The Netherlands (Table 1). The WWTPs were selected based on a sludge retention 
time > 8 days and BOD/N < 4.7. The WWTP in Lieshout treats industrial water using 
UASB reactors followed by a Carrousel. The other nine WWTPs in our selection 
process wastewater originating from both domestic and industrial sources. These 
treatment plants make use of pre-denitrification in combination with an activated 
sludge system. Besides this system, reject water of a digester is processed by the 
WWTP in Kralingseveer and the WWTP in Lichtenvoorde receives effluent of a 
process where anaerobically treated wastewater of a tannery is combined with partial 
nitrification and anaerobic ammonium oxidation (anammox). The WWTPs Haarlo, 
Varsseveld and Heerenveen apply chemical phosphorus removal. Samples from the 
activated sludge were taken for molecular analysis.
The industrial water treatment plant in Lieshout (Bavaria B.V., Lieshout, The 
Netherlands) uses three separate UASB reactors. Subsequently, the UASB effluent is 
treated by a Carrousel with two aeration points. The sludge samples for molecular 
screening and inoculation of a bioreactor were taken at the end of the Carrousel after 
the second aeration point. Sludge (2 L) was mixed with ambient water to inoculate the 
bioreactor.
Table 1: Ten different WWTP’s located in The Netherlands, with relatively long sludge retention times 
(SRT), were screened for the presence of M. oxyfera-like bacteria using molecular techniques. From all 
samples we obtained 16S rRNA clone libraries (clone libraries are named after the sampling location), 
except the WWTP in Varsseveld.
WWTP SRT (d) BOD/N Geographic
coordinates
Lieshout a 50 3.9 51°51'N, 5°61'E
Kralingseveer - - 51°90'N, 4°54'E
Houten 29 3.5 52°02'N, 5°13'E
Driebergen 28 3.3 52°04'N, 5°25'E
Zutphen 25 2.8 52°15'N, 6°19'E
Haarlo 8 4.2 52°11'N, 6°59'E
Varsseveld (MBR) 24 4.7 51°95'N, 6°46'E
Lichtenvoorde 26 2.5 51°59'N, 6°34'E
Dordrecht - - 51°77'N, 4°63'E
Heerenveen 28 3.7 52°97'N, 5°89'E
a Biomass from this WWTP was used to inoculate a bioreactor. Four samples originating from the 
Lieshout treatment plant were analysed using molecular methods: inoc Lieshout, enr Lieshout, enr 332d 
Lieshout and WWTP Lieshout.
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Molecular analysis
DNA from the Lieshout WWTP and the enrichment was extracted and purified 
according to Ettwig et al., (2009). DNA from the other nine WWTP samples was 
extracted using the PowerSoil® DNA isolation kit (MO BIO, Carlsbad, United States). 
Finally, DNA was dissolved in diethylpyrocarbonate (DEPC) treated water (Invitrogen 
UK) and the quality was checked with gel agarose electrophoresis.
To analyze biodiversity of ‘NC10’ phylum bacteria, the isolated DNA was 
used as a template for a 16S rRNA targeted PCR. The 16S rRNA primers used in the 
nested PCR approach were: ‘NC10’ specific forward primer 202F (Ettwig et al., 2009) 
and general bacterial reverse primer 1545R (Juretschko et al., 1998). Thermal cycling 
was performed with an initial melting step for 4 min at 94°C, followed by 35 cycles of 
denaturation at 94°C for 1 min, annealing at 57°C for 1 min and elongation at 72°C for 
2.5 min. Finally an elongation step at 72°C for 10 min was performed. The PCR 
product obtained was used as template for a nested PCR using the ‘NC10’ specific 
primers qP1F and qP2R, originally developed for qPCR (Ettwig et al., 2009). In the 
nested PCR the thermal cycling was performed as described above, with an annealing 
temperature of 65°C for 1 min. For the clone library of the 332 d Lieshout enrichment, 
we used an annealing temperature gradient (50-60°C).
To identify the M. oxyfera-like bacteria on a functional level, four different 
primer combinations targeting the pmoA gene were used. Four different DNA samples 
originating from the inoculum (inoc) and enrichment (enr) of the Lieshout treatment 
plant (inoc Lieshout, enr Lieshout, enr 332 d Lieshout and WWTP Lieshout) served as 
a template for PCR and subsequently pmoA  gene libraries were constructed. First, 
novel forward primer A189_b (Luesken et al., 2011a) with general reverse primer 
682R (Holmes et al., 1995) were used in a direct PCR. Secondly, the forward primer 
A189_b and reverse primer cmo682 (Luesken et al., 2011a) were used in a nested PCR 
approach with M. oxyfera specific primers cmo182 and cmo568 (Luesken et al., 
2011a). The third primer combination was forward primer A189_b combined with 
reverse primer cmo682 and in the fourth combination primers cmo182 and cmo568 
were used. The third and fourth primer combinations were used in a direct PCR on 
DNA samples of the enrichment obtained from Lieshout sludge. For all the four primer 
combinations used, thermal cycling was performed according to Luesken et al., 
(2011a). All PCR reactions were performed with the Quanta BioScience Inc, 
PerfeCTa® SYBR® Green FastMix® 76 (Gaithersburg, USA).
The PCR products were cloned with the pGEM®-T Easy cloning kit (Promega 
United States) and XL1 Blue E.coli competent cells. A maximum of about twenty
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clones per library were selected. Subsequently the plasmids were isolated using the 
GeneJet miniprep kit (Fermentas, Lithuania). The Diagnostics Center of Nijmegen 
University Medical Center performed sequencing using M13 forward and reverse 
primers. The quality of the sequences was checked using the Chromas LITE (version 
2.01) program. To obtain related sequences (> 93% similarity) from Gen Bank 
(http://www.ncbi.nlm.nih.gov/GenBank/), a BLAST search was performed. 
Representative 16S rRNA and pmoA  sequences from each location were submitted to 
Genbank (accession numbers JF706170-JF706214). The sequences were aligned using 
MEGA4 software (Tamura et al., 2007), and manually checked and trimmed. 
Phylogenetic trees were calculated in MEGA with the Neighbor-Joining method and 
with the pairwise deletion option for gaps. The tree topology was tested by bootstrap 
analysis (1000 replicates).
Enrichment and cultivation
Bioreactors of 15 L and 3 L (Applikon, Schiedam, The Netherlands) were used 
for cultivation. For efficient biomass retention, the bioreactors were operated in a 
sequencing-batch mode (Strous et al., 1998). The settling cycle consisted of 23.2 h of 
constant medium supply, 20 min of settling and 30 min of pumping out the excess 
liquid. Poorly settling biomass was collected using an external settler (2.3 L). During 
medium supply (flow rate: 0.3-1 L d-1) the reactor was stirred at 100 rpm and sparged 
with CH4-CO2 (95:5 vol/vol; purity > 99.995%; flow rate 10 ml/min; Air Liquide, 
France). The bioreactors were equipped with a level controller.
The medium, in both reactor systems, was continuously sparged with Ar-CO2 
(95:5, vol/vol) to maintain anoxic conditions and contained the following components 
(per liter): KHCO3, 0.5 to 1 g; KH2PO4, 0.05 g; C a C ^ ^ O , 0.3 g; MgSO4-7H2O, 0.2 
g; NaNO3, 0.035 to 0.213 g (0.5 to 3 mM); NaNO2, 0.0069 to 0.41 g (0.1 to 6 mM); an 
acidic trace element solution, 0.5 ml; and an alkaline trace element solution, 0.2 ml. 
The acidic (100 mM HCl) trace element solution contained (per liter): 2.085 g 
FeSO4-7H2O, 0.068 g ZnSO4-7H2O, 0.12 g CoCl2-6H2O, 0.5 g MnCl2-4H2O, 0.32 g 
CuSO4, 0.095 g NiCl2 6H2O, and 0.014 g H3BO3. The alkaline (10 mM NaOH) trace 
element solution contained (per liter): 0.067 g SeO2, 0.050 g Na2WO4-2H2O, and 0.242 
g Na2MoO4. All medium components were sterilized, either by 0.2 ^m filtration (acidic 
trace element solution) or by autoclaving.
Both bioreactors (15 L and 3 L) were equipped with a Clark-type oxygen 
electrode and pH electrode (continuously monitored) and kept at ambient temperature 
(20-23°C). The pH of the cultures liquid varied between 6.8 and 7.3. The bioreactors
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were wrapped in black foil and black Viton and Norprene tubing with low oxygen 
permeability was used (Cole Parmer, United States).
When the nitrite concentration was < 0.1 or >1 mM, the medium flow was adjusted 
(influent varied between 0.3-1 L d-1). In addition, NaNO2 and KHCO3 concentrations 
in the medium varied depending on the denitrifying activity of the culture. Both 
bioreactors were operated aseptically.
Activity measurements
The external settler (2.3 L Schott bottle), coupled to the 15 L bioreactor, was 
removed from the effluent tubing and operated as batch incubation. To obtain a 
headspace of ~0.3 L, Ar/CO2 was pumped into in the settler and the excess fluid was 
discarded. 2 L of liquid culture remained in the settler and CH4 was added until a final 
concentration in the headspace of 4%. On t = 0 h, 10 mg/L NO2- and 100 mg/L NO3- 
were present in the settler. Samples were taken on a regular basis until 68 h.
To determine the activity in the 3 L bioreactor, batch incubations were 
performed at t = 308 and 315 d. The methane flow was stopped and the headspace (400 
ml) of the bioreactor was flushed with Ar/CO2 (10 ml min-1) for 30 min yielding a CH4 
concentration in the headspace of 5.3% and 4.8%, respectively. For the incubation at t 
= 308 d, the medium flow was stopped and nitrite was added to a final concentration of
1.3 mM in the bioreactor. Measurements were started after a stabilization period 
(overnight). At t = 315 d a second activity test was performed with an initial nitrite 
concentration of 0.2 mM. In both incubations, methane, nitrite and nitrate samples 
were taken (until t = 10 h) and analyzed as described below.
Fluorescence in situ Hybridization (FISH)
Biomass samples (2 ml) were taken from the enrichment culture and 
centrifuged. The pellet was washed in phosphate-buffered saline (PBS; 10 mM 
Na2HPO4/NaH2PO4 pH 7.5 and 130 mM NaCl) and fixed for 2 h on ice in 3% (w/v) 
paraformaldehyde in PBS. After incubation the samples were washed with PBS and 
resuspended in ethanol and PBS (1:1). The fixed sample was stored at -18°C.
Fixed biomass (10 ^l) was spotted on Teflon-coated microscopic slides and 
dehydrated for 3 min in subsequently 50%, 80% and 96% ethanol. The probes were 
hybridized for 1.5 h at 46°C in hybridization buffer (900 mM NaCl, 2 mM Tris/HCl pH 
8.0, 0.2%o sodium dodecyl sulfate) and 50% formamide. The following oligonucleotide 
probes were used: S-*-DBACT-0193-a-A-18 (DBACT193) and S-*-DBACT-1027-a- 
A-18 (DBACT1027), specific for bacteria affiliated with the ‘NC10’ phylum
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(Raghoebarsing et al., 2006); S-D-Bact-0338-a-A-18 (EUB338), specific for most 
Bacteria (Amann et al., 1990). The slides were examined using a Zeiss Axioplan II 
epifluorescence microscope with digital video camera and image analysis software 
(Axiovision, Zeiss, Germany).
Analytical methods
For routine nitrite analysis, Merckoquant test strips (0 to 80 mg/L nitrite; 
Merck, Germany) were used. Nitrite and nitrate samples (1 ml) from the batch 
experiments were measured colorimetrically (Kartal et al., 2006). The total protein 
content was determined by the BCA (bicinchoninic acid assay, Pierce, United States) 
according to manufacturer’s protocol. Bovine serum albumin (Thermo Scientific, 
United States) was used as a standard. The methane concentration was determined by 
gas chromatography (Ettwig et al., 2008).
RESULTS
Screening for M. oxyfera in WWTPs
To find suitable inocula to start pilot scale tests for application of nitrite- 
dependent anaerobic methane oxidation, ten WWTPs in The Netherlands were 
screened with molecular tools (Table 1). All WWTPs treat wastewater originating from 
both domestic and industrial sources, except the WWTP in Lieshout. This plant treats 
only industrial (brewery) water at moderate temperatures. Relatively long sludge 
retention times and low BOD/N ratios were used as criteria to select the WWTPs for 
screening. These criteria in combination with alternating oxic-anoxic conditions 
present in all WWTPs might reflect the niche of M. oxyfera bacteria where both 
methane and oxidized nitrogen compounds are present at the same time. A molecular 
survey was conducted to screen for M. oxyfera-like bacteria after DNA extraction from 
the sludge samples of these WWTPs. To detect ‘NC10’ bacteria, a direct PCR with 
‘NC10’ specific primer 202F and general primer 1545R targeting the 16S rRNA gene 
was performed on one of the WWTP sludge samples (Lieshout). This resulted in a PCR 
product of the right size but this product was hardly visible with gel electrophoresis 
(data not shown). Therefore a nested PCR approach was performed on all WWTPs 
sludge samples. In nine out of ten WWTPs tested, M. oxyfera-like bacteria could be 
detected (Fig. 1a). M. oxyfera-like bacteria were not detected in the WWTP in 
Varsseveld. Recently, PCR primer sets for detection of M. oxyfera pmoA  genes were
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published (Luesken et al., 2011a). These sets were used in the later stage of this study 
(see below) complementary to the 16S rRNA approach.
Enrichment of M. oxyfera--like bacteria from wastewater sludge
The industrial wastewater treatment plant in Lieshout was selected to start an 
enrichment culture. Important treatment processes of this plant are three UASB 
reactors in parallel followed by a Carrousel for nitrification and denitrification. In the 
UASB reactor organic compounds are degraded and the produced methane is collected 
and used as an energy source by the brewery, but dissolved methane is difficult to 
recover and remains in the liquid phase. The effluent from the UASB reactors contains 
reduced nitrogen compounds (0.046 ± 0.014 g L-1 N, of which 0.007 ± 0.007 g L-1 is 
NH4+). This effluent is treated in the Carrousel that makes use of two aeration points, 
resulting in oxic and anoxic zones where nitrification and denitrification can take place 
(hydraulic retention time is 4 days). Compared to the other screened WWTPs the 
Carrousel in this plant has a prolonged sludge retention time (50 days). The presence of 
both dissolved methane and oxidized nitrogen compounds (nitrate and nitrite), and the 
prolonged sludge retention time might favor M. oxyfera bacteria. Samples to start an 
enrichment culture were taken after the second aeration point in the Carrousel.
A 15 L sequencing batch reactor was inoculated with biomass from the 
WWTP Lieshout. During the initial trial period we noticed that the denitrifying activity 
measured inside the bioreactor gradually decreased. Furthermore, biomass that was not 
efficiently retained in the reactor accumulated in the external settler. The biomass 
collected in the external settler (0.7 L liquid culture containing 1.5 g of protein) did 
show denitrifying activity: NO2- and NO3- were converted at rates of 2.1 and 9.2 nmol 
h-1 mg protein-1, respectively. Besides the denitrification, anaerobic methane oxidizing 
activity (1.7 nmol CH4 h-1 mg protein-1) could be measured. In addition to these activity 
experiments, the biomass in the external settler was analyzed for the presence of 
‘NC10’ bacteria using a nested PCR approach. M. oxyfera-like bacteria were detected 
in the settler biomass and were all clustering in group a of the ‘NC10’ phylum (Ettwig 
et al., 2009). The sequences obtained from the external settler were closely related to 
the 14 sequences found in the inoculum originating from the WWTP in Lieshout (Fig. 
1a). Based on these results, the biomass from the external settler was used to inoculate 
a new 3 L bioreactor (SBR) that was operated at ambient temperature under strict 
anoxic conditions and a stringent biomass retention regime. At the startup of the 3 L 
bioreactor the initial nitrite concentration (1 mM) was diluted to 0.01 mM by pumping 
fresh medium into the reactor (day 0-50). The activity of the culture till 77 d was low
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but thereafter the culture showed increasing denitrifying activity up to 0.4 mM of NO2­
d-1 on t = 112 d (Fig. 2a). There were a number of technical problems (power failures, 
interruption of the methane supply) from day 112 to 175 causing fluctuating nitrite and 
methane consumption activities. However from day 175, there was an ongoing 
increasing nitrite reducing activity up to 1.1 mM d-1 (Fig. 2a).
Nitrite-dependent anaerobic methane oxidation
Activity measurements were performed with the enrichment culture on t = 308 
and 315 d. The anaerobic conversion of nitrite and methane was measured in the 3 L 
bioreactor. At that time, the protein concentration in the enrichment culture was 0.4 
g/L. Nitrite was added to the enrichment culture prior to the experiment with a final 
concentration of 1.3 mM. The measured anaerobic methane oxidizing activity was 0.3 
nmol CH4 min-1 mg protein-1. Nitrite was converted with 0.9 nmol NO2- min-1 mg 
protein-1 (Fig. 2b). In this study the measured stoichiometry for methane to nitrite was 
3 CH4: 9.8 NO2- , this value was close to theoretical value 3 CH4: 8 NO2- 
(Raghoebarsing et al., 2006; Ettwig et al., 2009). After 315 days the conversions rates 
for methane and nitrite were 0.5 nmol min-1 mg protein-1 and 1.2 nmol min-1 mg 
protein-1, respectively (data not shown). The measured stoichiometry was 3 CH4: 10.1 
NO2-.
Identification of M. oxyfera-like bacteria
To investigate the biodiversity in the enrichment after 332 d, the culture was 
analyzed using specific ‘NC10’ primers targeting the 16S rRNA gene. The sequences 
obtained from this enriched biomass were highly similar to the 16S rRNA gene 
sequences found in the inoculum and were all clustering in group a of the ‘NC10’ 
phylum (Ettwig et al., 2009). During cultivation, the ‘NC10’ members of group a were 
predominantly enriched (Fig. 1a). Similar observations were made in a previous study 
(Ettwig et al., 2009) and suggested that the ‘NC10’ bacteria present in group a 
performed nitrite-dependent anaerobic methane oxidation. In addition to the 
phylogenetic analysis after 332 days, samples directly taken from the Lieshout WWTP 
(one year after taking the inoculum) were screened. Sequences retrieved from the 
WWTP in Lieshout (6 clones), one year after taking the inoculum, were all clustering 
in group b of the ‘NC10’ phylum (Ettwig et al., 2009). There were no sequences found 
in group a of the ‘NC10’ phylum, unlike the results of the original inoculum where 14 
sequences clustered in group a (Fig. 1a).
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Figure 1A: Phylogenetic tree of 16S rRNA gene sequences of the ‘NC10’ phylum, including sequences 
of ten different WWTP’s located in The Netherlands (bold). The phylogenetic tree was constructed using 
Neighbour-Joining and bootstrap analysis of 1000 replicates. All sequences found are represented in 
group a and b of the ‘NC10’ phylum (group a, b, c and d  are described in Ettwig et al. 2009).
35
UB Schoehsee sedim ent G erm any (EF623812);
Uncultured m ethanotroph tundra soil (AF547175, AF547181, AF547178)
■  5 c lo n e s  W W TP a L ie sho u t; 4  c lo n e s  in o c  a L ie sho u t
99 Crenothrix polyspora 3 c lones (DQ295901, DQ295902, DQ295904) 
Beta proteobactria am m onium  ox id izers  (EF175100, U76553, DQ228465; 
AL954747, AF037107, AF042171)
■ G am m a proteobacteria pxm A (EU722433, EU722432, EU722430, EU722431)
HQ698927 Rotterdam (W W TP); 5 c lo n e s  e n r  b  L ie sho u t; 7 c lo n e s  e n r  b  332d Lieshout;
10 c lo n e s  e n r  c  332d L ie sho u t; 6 c lo n e s  e n r  d  332d L ie sho u t; 2  c lo n e s  W W TP b L ie sho u t
1 c lon e  W W TP b L ie sh o u t 
1 c lone e n r d 332d L ie sh o u t
^  O o ijpolder (Ditch) (HQ698928, HQ698929, HQ698930, HQ698931); HQ698926 Zoige (Peatbog); 
HQ698934 Cape Cod (Aquifier); HQ698935 Banis/e ld (Aquifer)
3 c lo n e s  W W TP b L ie sho u t
HQ698933 Lichtenvoorde (W W TP); HQ698937 Banis /e ld (Aquifer); 
f l  6 c lo n e s  e n r b L ie sho u t; 2 c lo n e s  e n r  c 332d L ie sho u t; 1 c lon e  e n r  c  L ie sho u t 
i  FP565575 Candidatus M ethylom irabilis  oxyfera ; HQ698936 Banis/e ld (Aquifer);
’ 8 c lo n e s  in o c  b L ie sho u t; 4 c lo n e s  W W TP b L ie sho u t
p »  DQ3
HQ698932 Ooijpolder B 24 (Ditch)
67738 UB (sedim ent Lake W ashington) pmoAg3; FN600010 UB (wetland rice Italy) 18 19H; AJ868246 UB (soil nassgley G erm any) L61-c 
UB forest soil Hawaii (EU723731, EU723734, EU723740, EU723741, EU723750); FJ529779 UB (soil Michigan)
H -  DF 51 B06; AJ868247 UB (soil pseudogley Germany) O45W-f; AJ579663 UB (soil upland Germany) E5FB-f; AJ868248 UB (soil gley Germany) KG3-a 7 c lo n e s  W W TP a L ie sho u t; 9 c lo n e s  e n r  a L ie sho u t; 3 c lo n e s  in o c  a L ie sho u t
i 82 2 c lo n e s  W W TP a L ie sho u t; 1 c lon e  e n r  a L ie sho u t
H  I AE017282 Methylococcus capsulatus str. Bath
971 FN393957 UB(soil N ew  Zea land) p4c12
--------* Methylocaldum  (U89304, U89303, AB275418)
97
99 I AB501285 M ethylovulum m iyakonense str. HT12 
I AF047705 Nitrosococcus oceanus ATCC19707 
AJ278727 M ethylocapsa acid iph ila  str. B2 
Methylosinus sporium (DQ119048, AJ459018)
Methylocystis (FN422005, AJ459046, DQ379514)
BX649604 Methylocystis str. SC2 clone 
M ethylom icrobium  (AB253367, AF307139)
DQ119047 M ethylosoma difficile str. LC2 
M ethylom onas (U31653, DQ119046)
AY945762 M ethylobacter psychrophilus str. Z-0021 
U31654 M ethylobacter a lbum  str.BG8
I  M ethylacidiphilum  (FJ462788, EU223859, EF591085, FJ462789, EU223862,
1 EF591086, FJ462790, EU223855, EF591087, FJ462791)
0.2
Figure 1B: Phylogenetic tree of pmoA sequences including clones from inoc Lieshout, enr Lieshout, enr 
332d Lieshout and WWTP Lieshout. The phylogenetic tree was constructed using Neighbour-joining 
and bootstrap analysis of 1000 replicates. The clones indicated with ‘a ’ were obtained with the primers 
A189_b and 682R , clones indicated with ‘b’ were obtained with a nested approach using primers 
A189_b and cmo682 as a template for primers cmo182 and cmo568. Clones obtained with a direct PCR 
using the primers A189_b and cmo682 are indicated with ‘c ’. Clones obtained with primers cmo182 and 
cmo568 are indicated with ‘d ’.
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Since the genome of M. oxyfera contained the complete pathway to oxidize 
methane aerobically, pmoA could serve as a functional marker. The pmoA  gene 
encodes one of the subunits of the pMMO complex that facilitates the aerobic 
conversion of methane to methanol. Specific pmoA primers were recently developed to 
monitor and identify ‘NC10’ bacteria on a functional level (Luesken et al., 2011a). The 
four different DNA samples (originating from the Lieshout treatment plant) analyzed 
for 16S rRNA were also used as a template testing four different primer combinations 
targeting the pmoA gene. First, a newly developed primer A189_b (Luesken et al., 
2011a) was combined with the commonly used 682R primer (Holmes et al., 1995). All 
pmoA sequences retrieved in this study using this primer combination (clone libraries 
indicated with ‘a’), clustered with either Methylococcus capsulatus 
(Gammaproteobacteria) or Crenothrix polyspora (Gammaproteobacteria) and not with 
M. oxyfera (Fig. 1b). Secondly, the primer combination A189_b and cmo682 was used 
in a nested PCR approach with novel primers cmo182 and cmo568 as described by 
Luesken et al., (2011a) to detect pmoA  sequences related to M. oxyfera. All four DNA 
samples were analyzed using this combination (clone libraries indicated with ‘b’) and 
contained sequences clustering with pmoA gene sequences of M. oxyfera (Fig. 1b). In 
addition to these two experiments, clone libraries for the detection of M. oxyfera in the 
enrichment were made using a direct specific PCR with either primer combination 
A189_b and cmo682 (clone libraries indicated with ‘c’) or cmo182 and cmo568 
(indicated with ‘d’). Although the third combination with primers A189_b and cmo682 
resulted in a PCR product with settler DNA as the template, only one pmoA sequence 
(out of 13) was obtained after cloning and sequencing. The DNA extracted after 332 
days of enrichment (Fig. 1b) yielded twelve pmoA  sequences (out of 12 clones 
screened). The fourth and last combination was a direct PCR with pmoA primers 
cmo182 and cmo568 using DNA from the 332 d enrichment as template. All clones 
obtained were similar to the pmoA  gene sequence of M. oxyfera (Fig. 1b).
Fluorescence in situ hybridization (FISH)
In order to get an impression of the relative abundance of M. oxyfera cells 
compared to the other community members, FISH was performed using general and 
specific probes (Fig. 3). No M. oxyfera-like bacteria could be detected in the inoculum 
(Fig. 3a), probably because the number of cells was below detection level (Amann et 
al., 1995). This is consistent with the 16S rRNA and pmoA  phylogenetic analysis (see 
above). Although PCR is a more sensitive technique compared to FISH, a nested PCR 
approach was necessary to detect M. oxyfera-like bacteria in the inoculum. After 64
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days of cultivation in the 3 L bioreactor, approximately 2-3% of the microbial 
community hybridized with specific probes for M. oxyfera (Fig. 3b). After 308 d, the 
M. oxyfera population was enriched for approximately 60-70% (Fig. 3c). The enriched 
bacteria appeared to grow mainly in clusters, but some single cells were also visible as 
observed previously (Ettwig et al., 2009).
time (d) time (h)
Figure 2: Enrichment and activity of a culture performing nitrite-dependent anaerobic methane oxidation. 
(A) Nitrite reduced by the whole enrichment culture present in a 3 L bioreactor (SBR). After an increase 
in activity (day 77 -112) several technical problem occurred but from day 175 onwards activity gradually 
increased to 1.1 mM of NO2- consumed per day. (B) Methane and nitrite conversion of the whole culture 
at 308 d. Methane was converted with 0.3 nmol CH4 mg protein-1 min-1 (closed diamonds) and nitrite 
with 0.9 nmol NO2- mg protein-1 min-1 (open squares).
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Figure 3: Increasing population of M.oxyfera-like bacteria in Lieshout enrichment culture, visualized with 
FISH. The cells were hybridized with the probes S-*-DBACT-1027-a-A-18 specific for the ‘NC10’ phylum 
(red) and S-D-Bact-0338-a-A-18 that target most, but not all bacteria (dark blue). (A) There were no M. 
oxyfera cells detected in the inoculum, using FISH. (B) After an incubation period of 64 days in a 3 L 
reactor, M. oxyfera-like bacteria were enriched for ~2-3% (represented in pink, caused by double 
hybridization of DBACT1027 and EUB338). (C) Clusters and some detached cells of M. oxyfera-like 
bacteria are present in the culture after 308 days (represented in pink). M. oxyfera-like bacteria were 
enriched for ~60-70%. Probe S-*-DBACT-0193-a-A-18 specific for M. oxyfera bacteria showed the same 
result. Scale bar is 20 ^m.
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DISCUSSION
Ten WWTPs were screened with molecular tools to find suitable inocula to 
start pilot scale tests for application of nitrite-dependent anaerobic methane oxidation. 
In this study ‘NC10’ specific primers targeting the 16S rRNA gene were used to 
identify M. oxyfera--like bacteria in the selected WWTPs. It appeared to be that a nested 
PCR approach was necessary to detect ‘NC10’ bacteria in the WWTPs sludge samples. 
Apparently it was difficult to amplify the 16S rRNA gene from ‘NC10’ bacteria using 
a direct PCR, probably caused by low amounts of DNA from ‘NC10’ bacteria in the 
tested sludges. This is in contrast with previous studies using freshwater sediment 
samples, in which a direct PCR with 202F and 1492R resulted in strong PCR bands of 
the right size and subsequently obtained sequences belonged to the ‘NC10’ phylum 
(Ettwig et al., 2009). Alternatively, it could be that the WWTPs screened in this study 
harbored ‘NC10’ bacteria that have more mismatches with the primers used. These 
primers are based on a limited amount of ‘NC10’ sequences presently known, and 
therefore could miss members of this phylum which have a (slightly) different 
nucleotide composition at the primer positions. M. oxyfera-like bacteria were not 
detected in the WWTP in Varsseveld, which may be caused by severe mismatches of 
the primers or the prevailing conditions in this system. Varsseveld is the only plant in 
our selection that makes use of a membrane bio reactor (MBR). Before the biological 
treatment starts in this MBR, the wastewater is filtered thoroughly. Furthermore, to 
prevent the membranes from clogging, intensive aeration and periodical chemical 
cleaning are necessary. This might cause an environment not favorable for ‘NC10’ 
bacteria.
Sludge from the treatment plant in Lieshout was selected to enrich a nitrite- 
dependent methane oxidizing culture. After 308 and 315 days of enrichment in the 3 L 
bioreactor, experiments to determine the conversion rates of methane and nitrite were 
performed. The observed stoichiometry for methane to nitrite was 3 CH4: 9.8 NO2- 
(308 d) and 3 CH4: 10.1 NO2- (315 d), which is comparable to the theoretical value 
3 CH4: 8 NO2- (Raghoebarsing et al., 2006; Ettwig et al., 2009). The slight deviation 
indicated that there was still additional denitrification. This process may have been 
using other electron donors than methane like organic compounds or ammonium. 
Similar observations were made in previous studies (Raghoebarsing et al., 2006; Hu et 
al., 2009). The measured conversion rates for methane to nitrite in this study are 
relatively low compared to previous experiments (Raghoebarsing et al., 2006; Ettwig et 
al., 2008; Ettwig et al., 2009). It is possible that the protein content in the current
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enrichment was overestimated, since organic compounds of activated sludge interfered 
with the BCA assay (Ras et al., 2008). Organic compounds might be present in the 
Lieshout enrichment, as a remainder of the UASB process.
To detect M. oxyfera-like bacteria on a functional level, primers targeting the 
pmoA gene were used on samples originating from the WWTP Lieshout and the 
enrichment culture. The new pmoA  primer A189_b (Luesken et al., 2011a) was 
combined with the widely applied 682R primer (Holmes et al., 1995). Using this 
combination, pmoA sequences were found that did not cluster with M. oxyfera but 
clustered with Methylococcus capsulatus (Gammaproteobacteria) or Crenothrix 
polyspora (Gammaproteobacteria). This is in accordance with previous results where it 
was shown that M. oxyfera has some critical mismatches with, especially, the known 
pmoA reverse primers (Luesken et al., 2011a). With a nested PCR approach, sequences 
clustering with the pmoA  sequence present in the genome of M. oxyfera were retrieved 
in all tested samples. The sequences detected in the inoculum and in the WWTP one 
year after taking the inoculum were similar to each other and to the sequence of the M. 
oxyfera pmoA gene. This may indicate that there is a small but persistent population of 
‘NC10’ bacteria present in this WWTP. Two different pmoA primer combinations were 
used in a direct PCR on samples of the enrichment originating from the WWTP 
Lieshout. After 332 days of enrichment pmoA sequences could be retrieved. These 
results implied that when M. oxyfera-like bacteria were enriched, a direct PCR with 
specific pmoA primers can be used.
Conclusively, we showed that nine out of ten selected WWTPs harbor small 
amounts of M. oxyfera bacteria clustering within the ‘NC10’ phylum, using molecular 
tools for screening and detection of these bacteria. In addition, an enrichment culture 
(60-70%) from wastewater sludge was obtained performing nitrite-dependent methane 
oxidation at ambient temperature. The M. oxyfera-like bacteria present in this 
enrichment were identified and monitored using specific pmoA  primers. These data 
suggested that biomass from WWTP systems could be a potential source to start pilot 
scale reactors with very efficient biomass retention.
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A metagenomics-based in situ detection 
and phylogenetic composition of an 
enrichment culture that performs 
nitrite-driven anaerobic methane oxidation
Luesken FA, Dutilh BE, van Alen TA, van Rossum J, Nielsen F, Gräf S, 
Janssen-Megens EM, Francoijs KJ, Flicek P, Stunnenberg H, Huynen MA, 
Strous M, Op den Camp HJM, and Jetten MSM (2011).
Manuscript in preparation
Anaerobic methane oxidation coupled to denitrification is a recently discovered 
process performed by a bacterial community dominated for 70% by a member of 
the ‘NC10’ phylum named ‘Candidatus Methylomirabilis oxyfera’. The identity 
and functional role of the other 30% of the community is unknown. In this study, 
we analyzed this community using available metagenomic and 
metatranscriptomic data by database searches and identification of signature 
genes. These results showed that no single species was dominant beside 
M. oxyfera. Fluorescence in situ hybridization probes that were designed to target 
several of the 16S ribosomal RNA molecules encoded on metagenomic contigs 
gave no detectable signal for the non-M. oxyfera population. At a higher 
taxonomic level, known group-specific probes showed that the community 
contained Proteobacteria and Planctomycetes in detectable numbers, in accordance 
with the presence of these phyla in the metagenome and metatranscriptome. 
Apparently, M. oxyfera is the only dominant species in this culture.
INTRODUCTION
A powerful method to cultivate slow growing microorganisms is the 
sequencing batch reactor (SBR) (Strous et al., 1998). Candidatus ‘Methylomirabilis 
oxyfera’ is a member of the ‘NC10’ phylum and grows very slowly with a doubling 
time of approximately two weeks (Ettwig et al., 2009). It has the so far unique ability 
to generate oxygen from nitrite, allowing it to oxidize methane in anoxic habitats 
(Ettwig et al., 2010). M. oxyfera was first enriched from freshwater sediment obtained 
from the Twentekanaal in The Netherlands, using a one liter SBR (Raghoebarsing et 
al., 2006). At that time, it was postulated that a consortium of M. oxyfera and an 
archaeon were responsible for the nitrite-driven anaerobic methane oxidation. 
However, with time and after upscaling to a 15 liter continuous bioreactor with an 
external settler, the archaeon disappeared from the enrichment culture. In this larger 
system, M. oxyfera was enriched to a maximum of 70% (Ettwig et al., 2008). Similar 
results have been obtained from various freshwater systems (Hu et al., 2009; Luesken 
et al., 2011b). This means that the non-M. oxyfera community still made up 
approximately 30% of the microorganisms in the bioreactor, even though their identity 
remained largely unknown. As a consequence, the function of these microorganisms in 
the enrichment cultures and, importantly, their influence on M. oxyfera are still not 
well understood.
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Recent developments in the analysis of microbial diversity are metagenomics 
and metatranscriptomics (Cardenas and Tiedje, 2008). Such community sequencing 
data sets were available for the M. oxyfera enrichment culture from previous analyses 
(Ettwig et al., 2010), but in that study only the fraction that belonged to the M. oxyfera 
genome was analyzed in detail. Here, we make full use of these data and analyze the 
phylogenetic composition of members present in the M. oxyfera community by 
comparing the non-M. oxyfera metagenomic and metatranscriptomic reads to sets of 
phylogenetically characterized sequences. In addition, signature genes based on gene 
content (Dutilh et al., 2008a) were used to assess the taxonomic composition of the 
non-M.oxyfera community.
Different taxa in an enrichment culture can be visualized using fluorescence in 
situ hybridization (FISH) probes, according to the full-cycle rRNA approach (Amann 
et al., 1995; Juretschko et al., 2002). Although it is not meant as a quantitative 
approach to determine alpha diversity, i.e. the biodiversity within a community, FISH 
can be used to identify and visualize microorganisms in the environment without 
cultivation. This widely applied method commonly uses probes that are designed on 
the basis of 16S rRNA genes amplified by PCR and cloning. The latter step contains 
amplification biases, which is the main drawback of this method (von Wintzingerode et 
al., 1997). As these biases are largely absent in the metagenome sequences that were 
directly obtained from the environment, 16S rRNA genes from the metagenomic data 
set could be used to design FISH probes without PCR bias. A novel bioinformatic 
approach was used to design FISH probes for several of the microbes in the M. oxyfera 
community. We aimed to complete a metagenomics-based full-cycle rRNA analysis, 
by visualizing the taxonomic composition in the M. oxyfera enrichment culture.
MATERIALS AND METHODS 
Sequence data
The M. oxyfera enrichment culture studied here has been described (Ettwig et 
al., 2008), as have the metagenomic and metatranscriptomic sequencing data (Ettwig et 
al., 2010). Briefly, the metagenome was determined using 454 GS FLX 
pyrosequencing and yielded 364,900 reads of length 248 ± 36 nucleotides (SRA: 
SRR023516.1). Supplementary Figure 1 displays the redundancy of these reads. 
Because longer sequences can be expected to result in a more specific taxonomic 
mapping, we assembled these reads into 26,552 contigs of length 353 ± 1,875 nt
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(Ettwig et al., 2010). Together, these contigs accommodate 293,641 pyrosequencing 
reads.
The metatranscriptome was determined in a single end 32 nt Illumina 
sequencing run of cDNA prepared from the total RNA extracted from the M. oxyfera 
enrichment culture (GEO: GSE18535). Al reads that contained non called bases (N) 
were discarded. The remaining reads contained bases that were called with sufficient 
quality (>H). Supplementary Figure 1 displays the read redundancy. Because the total 
RNA within a cell consists for the large majority of the highly conserved 16S, 23S and 
5S ribosomal RNA (rRNA) genes, we decided not to assemble these 
metatranscriptomic reads to prevent chimerization of sequences from different taxa.
Metagenome analysis
We created a database containing the NCBI non-redundant nucleotide database 
(downloaded March 25th 2010), and the M. oxyfera genome sequence. The 
metagenomic contigs were mapped to this database using BlastN (default parameters 
and cutoffs), and each contig was assigned to its top-scoring hit(s) as defined by the 
BlastN bitscore. Supplementary Figure 2A displays the bitscore frequency distribution. 
We assessed the NCBI taxonomy annotation of these hits, counting each read in the 
contig as one independent measurement of the clade in the non-M. oxyfera population. 
Reads were equally distributed if there was more than one equally top-scoring hit.
Signature gene analysis
To identify signature genes in the metagenome, we translated the metagenomic 
contigs derived from the non-M. oxyfera population into amino acid (AA) sequences 
according to the standard genetic code, and selected open reading frames (ORFs) of at 
least 35 AAs in length. The resulting 153,171 ORFs were searched in the Signature 
web server against the STRING v7.1 proteins (Dutilh et al., 2008b), which identified
1,101 of the detected 11,568 orthologous groups (OGs) as signature genes with a 
coverage cutoff of 0, given NCBI taxonomy as a species tree. Note that FragGeneScan 
(Rho et al., 2010), a gene prediction method that includes a 454 sequencing error 
model, identified 755 signature genes. We calculated a taxonomic signature gene score 
for each taxonomic clade according to Equation 1, where ‘significance’ is the log 
likelihood of observing this number of signature genes for the clade (Dutilh et al., 
2008b), and ‘reads’ is the number of metagenomic reads associated to the OG in 
question (i.e. the total number of reads across all occurrences of the OG in the 
metagenomic contigs).
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Equation 1 : Calculation of the taxonomic signature gene score.
score = io significance * reads
Metatranscriptomic analysis
Permissive mapping of the short metatranscriptomic reads would result in 
many hits, especially when searching a large database. We therefore used the fast 
mapping algorithm BLAT (default parameters and cutoffs) to map the sequences in this 
data set (Kent, 2002). Because of the large number of short reads (6,199,237 reads of 
32 nt), we first filtered out the 65.7% of the reads derived from M. oxyfera by mapping 
against its genome alone, and determined the taxonomic distribution of the remaining 
2,126,824 by mapping them to the NCBI non-redundant nucleotide database. The 
NCBI taxonomy annotations of their top hit(s), as defined by the BLAT match score, 
were assessed as above. Supplementary Figure 2B displays the frequency distribution 
of the BLAT match scores.
Probe design
Fluorescence probes were designed on 16S rRNA of the microbes present in 
the M. oxyfera community using a bioinformatic procedure based on the 
pyrosequenced metagenomic data. First, contigs containing 16S rRNA genes were 
identified by a BlastN search of a random selection of 1% of the 16S rRNA sequences 
in the Silva database (Pruesse et al., 2007) against all contigs. Spurious short hits (<50 
nt) were excluded and 19 regions were extracted from the remaining contigs 
homologous to (partial) SSU rRNA genes (Supplementary Table 4). A search for 
unique substrings was conducted in this set of sequences using a method based on 
suffix arrays (Graf et al., 2007). Here uniqueness is defined with respect to both the full 
set of metagenomic contigs and known 16S rRNA sequences from species not present 
in the M. oxyfera community, taken from the Silva database (<97% identity to the 
identified 16S rRNA contig regions; Konstantinidis and Tiedje, 2005). Briefly, the 
unique substrings method determines all shortest unique subsequences (SUSs) up to 30 
nucleotides in length and calculates an uniqueness score for each nucleotide, defined as 
the number of SUSs overlapping with it, thus ranking the potential probe sequences by 
their content of unique subsequences. We then scanned all 16S rRNA regions 
identified on the metagenomic contigs, i.e. including those derived from M. oxyfera, 
for 18-22 nt subsequences that could serve as potential probes. For each potential 
probe, we required a melting temperature (Tm; Equation 2) between 64-66°C. As self­
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hybridization of the probe could be a reason that it does not hybridize to the target 
sequence in situ, we addressed this potential problem in two ways. First, we calculated 
the palindromicity of the probe as the number of 3'- plus 5'-terminal bases that form 
Watson-Crick pairs, divided by the probe length. Second, the minimum free energy of 
the RNA secondary structure was calculated using RNAfold 1.7.2 (Hofacker et al., 
1994) with the following parameters: -p (calculates partition function and base pairing 
probability matrix); -T 65 (temperature: 65°C); -noLP (produce structures without 
helices of length 1) and the "dna.par" energy parameters file. This resulted in a list of 
potential probes for organisms present in the M. oxyfera community (see 
Supplementary Table 3). These probes were tested in parallel with general probes, to 
support the genomic analysis (described above).
Equation 2: Melting temperature Tm calculated using the formula from (Bolton and McCarthy, 1962) as 
presented in (Sambrook et al., 1989). [Na+] is the sodium concentration (1M); GC% is the percentage of 
G and C characters in the probe sequence; and length is the total length of the probe sequence.
Tm = 81.5 °C + (16.6 * log10[Na+]) + (0.41 * GC%) - (600 / length)
Fluorescence in situ hybridization
Biomass (2 ml) was harvested from the enrichment culture, fixed in 
paraformaldehyde and hybridized as described previously (Ettwig et al., 2008). This 
sample was taken in the same period as when the 454 pyrosequencing data was 
obtained. Thirty newly designed probes (Supplementary Table 3) were tested on this 
fixed sample. General probes used in this study are listed in Supplementary Table 5.
Molecular analysis
DNA from the M. oxyfera enrichment was isolated and used as a template for 
PCR to obtain full length 16S rRNA sequences. DNA extraction and purification were 
performed as described previously (Ettwig et al., 2009). Based on the sequences of the 
newly designed FISH probes, forward and reverse primers were developed for PCR 
(Supplementary Table 6). For every probe, two different PCR reactions were 
performed in combination with the general forward primer 616 or reverse primer 630 
(Juretschko et al., 1998). Reaction mixtures were prepared in accordance with the 
manufacturer's recommendations, using PerfeCTa™ SYBR® Green FastMix™ for 
iQ™ (Quanta Biosciences). Thermal cycling was performed as described by Luesken 
et al., (2011b). Primer annealing was done for 1 min with different annealing
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temperatures specific for the primer combination used, as shown in Supplementary 
Table 6. The presence and size of the amplification products were determined by 
agarose gel electrophoresis (1.0%). PCR products were either purified using the 
GeneJET™ PCR Purification Kit (Fermentas Life Sciences) or extracted and purified 
from the agarose gel using the QIAEX II Gel Extraction Kit (Qiagen). Sequencing was 
performed as described previously (Luesken et al., 2011b), the assembly was done 
using BioEdit v7.0.9.
RESULTS
Metagenome mapping
To investigate the M. oxyfera community, the metagenome was analyzed. We 
were able to assign 99.9% of the reads to a taxonomic clade, 73.7% belonged to 
M. oxyfera. The phylogenetic distribution of the remaining reads (26.2%, forming 
100% metagenomic evidence for the non-M. oxyfera community) shows the presence 
of a large range of bacterial clades, with Proteobacteria as the most abundant phylum 
(Figure 1 and Supplementary Table 1). Outside of the phylum Proteobacteria, the 
Actinomycetales (14.3% of metagenome evidence) were the most abundant order 
(Table 1). Other abundant orders present in the metagenome were Burkholderiales 
(10.3%), Rhizobiales (8.9%) and Myxococcales (8.2%).
Table 1: The most abundant taxonomic orders and families (i.e. those representing >1% average 
evidence) and the evidence for their presence in the non-M oxyfera community according to each of the 
approaches (in %). The a, p, y and 5 symbols refer to Alpha-, Beta-, Gamma- and Deltaproteobacteria. 
Name Taxonomic Average Meta- Signature Meta-
depth________ evidence genome genes_______transcriptome
Xanthomonadales (y) order 12.9 2.0 36.4 0.3
Actinomycetales order 5.8 14.3 0.9 2.2
Rhizobiales (a) order 4.6 8.9 1.5 3.5
Burkholderiales (P) order 4.3 10.3 0.3 2.2
Desulfuromonadales (S) order 4.1 1.6 9.7 0.8
Myxococcales (S) order 3.2 8.2 0 1.5
Burkholderiaceae (P) family 2.4 6.3 0 0.9
Myxococcaceae (S) family 1.7 4.8 0 0.3
Planctomycetales order 1.5 0.7 0 3.8
Bradyrhizobiaceae (a) family 1.3 3.2 0 0.8
Pseudomonadales (y) order 1.2 2.7 0 0.8
Rhodospirillales (a) order 1.2 1.9 0 1.5
Bacillales order 1.1 0.8 0 2.6
Pseudomonadaceae (y) family 1.1 2.6 0 0.6
Clostridiales order 1.0 1.3 0 1.8
Methylobacteriaceae (a) family 1.0 2.6 0 0.5
S treptomycetaceae family 1.0 2.6 0 0.4
Comamonadaceae (P) family 1.0 2.3 0 0.7
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Figure 1: Taxonomic clades identified in the non-M oxyfera community and the evidence for their 
presence according to each of the three approaches. Scores for higher order clades are the sum of the 
percent evidence for that clade and for its daughter clades. Lineages are collapsed at the level of 
orders; only clades with >1% average evidence over the three approaches are shown (see 
Supplementary Table 1 for the complete list and the distribution of the evidence at all taxonomic depths 
down to family). The tree represents a pruned version of NCBI taxonomy, visualized with the help of iTol 
(Letunic & Bork, 2007).
Signature genes
The signature gene analysis depends on the phylogenetic signal in gene 
content rather than in gene sequences, which makes it an independent approach to 
assess the taxonomic composition of an unknown sample. 1,101 OGs were classified as 
signature genes (Supplementary Table 2). For each clade we calculated a taxonomic 
signature gene score. The sum of these scores was set to 100% signature genes 
evidence. In accordance with the similarity-based analysis of this metagenomic data 
(above), we find mostly proteobacterial signature genes (Figure 1 and Supplementary 
Table 1). The highest scoring orders are Xanthomonadales (36.4% of signature genes 
evidence) and Desulfuromonadales (9.7%) (Table 1).
Identification of functional genes
To identify the non-M. oxyfera population on a functional level, several genes 
were analyzed in detail. Some of the bacteria identified with the metagenome can use
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Ci compounds as carbon source using the aerobic oxidation pathway including the 
enzyme methanol dehydrogenase (Mdh; COG4993). Mdh is the enzyme that catalyses 
the conversion of methanol into formaldehyde. In the non-M. oxyfera metagenome, 
mdh genes were present on three different contigs (Table 2), which were all 
homologous to Rhizobiales sequences. Another metabolic process performed by the 
organisms in the identified clades is denitrification. Denitrifying microorganisms 
include various different subclasses of Proteobacteria. They are anaerobic and use 
various electron donors to convert nitrate and nitrite to dinitrogen gas. Proteins like 
NarG (COG5013), NirS (COG2010) and NirK (COG2132) facilitate these conversions. 
Signature genes representing these proteins were also found in the non-M. oxyfera 
population; nirS was present on 4 non-M. oxyfera contigs, nirK  on 13 contigs and narG 
on 20 contigs (Table 2). Some of these contigs showed similarity to Rhizobiales, and 
Myxococcales.
Table 2: Non-M. oxyfera metagenomic contigs containing orthologous groups representing Mdh, NarG, 
NirS and NirK.
Orthologous groups Non-M. oxyfera contigs
COG4993 (Mdh) 00604, 08208, 09005
COG2010 (NirS) 00626, 02158, 11504, 21164
COG2132 (NirK) 00923, 04102, 04155, 06538, 14966, 15132, 
15646, 16436, 19338, 20318, 21077, 21167, 
25414
C0G5013 (NarG) 00754, 04080, 06364, 07259, 09421, 09728, 
10269, 12694, 13241, 14146, 16509, 16915, 
19521, 20547, 20569, 20590, 21340, 24477, 
25315, 26002
Metatranscriptome mapping
The 2,126,824 reads that confidently represented the non-M. oxyfera community (see 
Materials and methods) were characterized by mapping them against the NCBI non­
redundant nucleotide database, assigning them to the clade(s) representing their top hit 
sequence(s). 1,263,380 reads could not be mapped and 16,357 reads were mapped to 
sequences with uninformative or absent taxonomic annotation. The remaining reads 
were set to 100% metatranscriptomic evidence. Of the metatranscriptomic reads that 
could be annotated at a higher level of taxonomic detail than kingdoms (Figure 1 and 
Supplementary Table 1), most were mapped to Proteobacteria (24.5% of
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metatranscriptomic evidence). All other taxa were represented at low percentages 
<10% (see Supplementary Table 1 for the full list), but note that they were included in 
the higher order clades like Firmicutes and Proteobacteria. It seems that while the 
species composition of the community is highly scattered, the transcriptome is even 
more distributed: none of the orders was present in more than 4% of the non­
M. oxyfera reads (Table 1).
Average evidence
The average evidence of all three different genomic approaches (metagenome, 
metatranscriptome and signature genes) was calculated. In general, the reads were 
mostly assigned to Proteobacteria, among which the orders Xanthomonadales, 
Rhizobiales, Burkholderiales, Desulfuromonadales, Myxococcales, Pseudomonadales 
and Rhodospirillales (average evidence between 12.9% and 1.2%, Table 1). The order 
Rhizobiales belong to the Alphaproteobacteria (Williams et al., 2007) and within this 
order the families Bradyrhizobiaceae and Methylobacteriaceae were present with 1.3% 
and 1% average evidence, respectively (Table 1). The order of Burkholderiales is a 
diverse group of Betaproteobacteria. Two families in this order were present with >1% 
average evidence (Table 1); the aerobic Comamonadaceae (1%) and Burkholderiaceae 
(2.4%), both capable of degrading a wide range of substrates. The order of 
Pseudomonadales belong to the Gammaproteobacteria (Williams et al., 2010), where 
the Pseudomonadaceae family was present with 1.1% average evidence (Table 1). 
Within the Myxococcales order, we could detect the Myxococcaceae family with 1.7% 
average evidence (Table 1). The average evidence of the metagenome, 
metatranscriptome and signature genes is in accordance with the FISH results, which 
showed hybridization for Alpha-, Beta-, Gamma- and Deltaproteobacteria.
Beside the assignment of reads to Proteobacteria, contigs were assigned to the 
order of Actinomycetales (5.8% average evidence, Table 1). The chemoorganotrophic 
Streptomycetaceae is a family of the Actinomycetales and could be detected with 1% 
average evidence (Table 1).
More metatranscriptomic reads than metagenomic reads were assigned to the 
Planctomycetes and Firmicutes. The average evidence of the Planctomycetes was 1.5% 
and with FISH we could visualize these organisms as well. Bacillales (1.1%) and 
Clostridiales (1%) are both orders in the Firmicutes phylum (Table 1).
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Probe design and FISH analysis
To support the genomic analysis (metagenome, metatranscriptome and 
signature genes), the culture was screened with FISH. The metagenome consisted of 
26,552 contigs, 19 of which coded for 16S rRNA genes. Three of these regions mapped 
with 100% identity to the M. oxyfera genome (contig00003, contig26131 and 
contig26320) and one was homologous to fungal 18S rRNA, but only over a short 
stretch of sequence (contig18847). The other 15 contigs were derived from bacteria in 
the non-M. oxyfera community (identity to M. oxyfera <85%). We extracted potential 
FISH probes from all the SSU rRNA regions and 34 of the newly designed probes for 
both M. oxyfera and the non-M. oxyfera population were applied to fixed samples from 
the bioreactor (Supplementary Table 3). Four probes originating from the three 
M. oxyfera contigs and 30 probes originating from six different contigs; contig11380, 
contig12631, contig15558 which was not identified previously (Ettwig et al., 2010), 
contig18707, contig20833 and contig26016 (the length of these contigs was between 
150 and 500 nt). While all four FISH probes designed for M. oxyfera 16S rRNA tested 
positive, none of the 30 probes designed for the side population gave a visible positive 
result (Supplementary Figure 3 and Supplementary Table 3). To determine more 
specifically from which species the non-M. oxyfera contigs were derived, we designed 
primers for polymerase chain reaction (PCR) based on the highly unique probe 
sequences in order to obtain full length 16S rRNA sequences. The sensitivity of PCR is 
much higher than the sensitivity of FISH analysis, and indeed, all six probe-based 
primers gave long PCR products (1,230-1,540 nt; Supplementary Table 4). A Blast 
search of these sequences mostly resulted in matches to uncultured bacteria without 
further taxonomic annotation. The exceptions are contig11380, which is homologous to 
an uncultured Myxococcales strain (96.5% identity) and contig15558, which is 
homologous to an uncultured Planctomycete (96.6% identity).
Using more general, higher-level FISH probes (Supplementary Table 5), we 
detected Alpha-, Beta-, Gamma- and Deltaproteobacteria, green sulfur Bacteria, 
Planctomycetes and Chloroflexi in the M. oxyfera enrichment culture (see 
Supplementary Figure 3).
DISCUSSION AND CONCLUSIONS
In this study, we investigated the community composition of a M. oxyfera 
enrichment culture using four complementary approaches: mapping of metagenomic 
and metatranscriptomic sequences, signature genes and FISH. The results consistently
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identify Proteobacteria as the dominant phylum in the non-M. oxyfera community, 
although no single species dominates beside M. oxyfera. Mainly, the non-M. oxyfera 
population is scattered in numerous different clades, none of which were consistently 
present in high numbers. Thus, it is unlikely that a single member of the non­
M. oxyfera community catalyzes nitrite-dependent anaerobic methane-oxidation in 
consortium with M. oxyfera.
Although no single clade was highly over-represented, some orders were more 
abundant in the non-M. oxyfera community than others. Apparently, there were still 
niches present in the bioreactor used to enrich M. oxyfera bacteria that allow other 
microorganisms to grow. In particular we find microorganisms potentially involved in 
processes related to C1 utilization, denitrification, degradation and remineralization as 
explained below. It should be noted that we only discuss the bacterial orders and 
families with an average evidence >1% in detail (Table 1).
First, orders and families potentially involved in C1 utilization were detected in 
the non-M. oxyfera community. Many Desulfuromonadales are strict anaerobes 
capable of converting C1 components to CO2 with sulphur, sulphate or Fe(III) as 
electron acceptor (Kuever et al., 2005). Planctomycetes are widely distributed, 
including marine environments and different soil types. The function of the 
Planctomycetes is not well understood, but most of the species present in this phylum 
contain genes for C1 metabolism (Buckley et al., 2006; Strous et al., 2006; Woebken et 
al., 2007). Microorganisms in the order of Rhodospirillales perform processes like 
photosynthesis and oxidation of organic compounds (Gupta and Mok, 2007). In 
addition, four non-M. oxyfera contigs in the metagenome harbored the mdh gene. This 
enzyme is involved in the C1 metabolism and converts methanol to formaldehyde. The 
excess of methane present in the enrichment culture could explain the presence of C1 
metabolizing bacteria, other than M. oxyfera.
The second process potentially performed by microorganisms found in the 
non-M. oxyfera population, was denitrification. Members of the Bradyrhizobiaceae 
harbor denitrifying genes (Zumft, 1997) and it was shown that members of the 
Comamonadaceae family degrade the biopolymer poly(3-hydroxybutyrate-co-3- 
hydroxyvalerate) by denitrification (Khan et al., 2002). There were contigs present in 
the non-M. oxyfera population that contained nirS, nirK  and narG genes. The presence 
of denitrifying bacteria could be explained by the relatively high nitrate and nitrite 
conversions in the bioreactor.
The last processes we found to be present in the non-M. oxyfera community 
were related to degradation and remineralization. Burkholderiaceae were, among other
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places, detected in the rhizosphere of rice roots performing degradation processes (Lu 
et al., 2006). Most Myxococcales are strict aerobes and found in topsoil feeding on 
biopolymers or preying on other microorganisms (Shimkets, 1987; Huntley et al.,
2010). Actinomycetales is a diverse order with many subdivisions and unclassified 
isolates. Microorganisms present in this group are often found in soil (Ventura et al., 
2007). The family Methylobacteriaceae consists of bacteria that are considered to be 
aerobic chemoorganotrophs (Garrity et al., 2005). Members in the order of 
Xanthomonadales have been isolated from many different environmental sources 
including soil, water and sludge. These bacteria are obligate aerobes, with a strict 
respiratory metabolism using oxygen as terminal electron acceptor (Saddler and 
Bradbury, 2005). Firmicutes can use a variety of carbon sources, many of them can use 
plant material (Gu et al., 2010). Within the Firmicutes phylum aerobic heterotrophic 
Bacillales and obligate anaerobic Clostridiales are present. Both are able to form 
spores, which can survive years without substrates (Paredes-Sabja et al., 2011). The 
microorganisms involved in degradation and remineralization processes could be 
present because of residual plant material originating from the ‘Twente kanaal’ that 
served as an inoculum for the bioreactor. More importantly, they might be involved 
maintaining homeostasis in the bioreactor by degrading dead biomass.
The metagenome and metatranscriptome were used to assess the taxonomic 
composition in a relatively unbiased way. However, the emulsion PCR amplification 
step prior to 454 pyrosequencing may cause re-sequencing of identical templates 
(Gomez-Alvarez et al., 2009). This phenomenon might be expected to cause a more 
skewed distribution of the biodiversity in the sample, with some sequences being 
observed more abundantly at the expense of others. We assessed the redundancy in the 
454 sequencing reads and indeed several of the ~248 nt long sequencing reads occurred 
over 30 times. We found that the phylogenetic composition of the pyrosequenced 
metagenome was more skewed (Actinomycetales, Rhizobiales, Burkholderiales and 
Myxococcales were most abundant orders, but all with <15% of metagenomic 
evidence) than the metatranscriptome, which contained 32 nt Illlumina sequencing 
reads. The redundancy observed among the transcriptomic reads is caused by their 
short length, giving a less specific characterization of the taxonomic composition. As a 
result, much of the metatranscriptomic evidence was assigned to higher order taxa. The 
phylogenetic composition estimate based on signature genes (Dutilh et al., 2008a) has 
an even stronger skew due to the fact that only 10,502 OGs could be identified in the 
non-M. oxyfera metagenomic contigs, 1,101 of which were classified as signature 
genes.
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The absence of fluorescence signal in the FISH analysis with probes specific 
for the non-M. oxyfera community members is consistent with the results above that 
indicate that the ~30% of cells in the non-M. oxyfera community are highly diverse in 
lower taxa, without a single dominant species. Moreover, it is interesting to note that 
the contigs on which the non-M. oxyfera FISH probes were based consisted of very few 
reads (Supplementary Table 5), which also reflects the low abundance of these species. 
As a result, the fluorescence signal for all the tested 16S rRNA targeted FISH probes 
was likely below the detection level. Alternatively, inaccessibility of the target sites for 
FISH probes on the 16S rRNA molecule could also have caused this result (Fuchs et 
al., 1998; Behrens et al., 2003). The software program ARB predicts the secondary 
structure of 16S rRNA and its accessible positions in silico (Ludwig et al., 2004), but 
the complete sequence is necessary (Kumar et al., 2005). As we used metagenomic 16S 
rRNA gene fragments with lengths between 150-500 nt to design the FISH probes, 
these sequences were less suitable to use the probe design tool present in the ARB 
program.
To conclude, we have analyzed the phylogenetic composition of the 
M. oxyfera community using four complementary methods based on the available 
metagenomic and metatranscriptomic sequencing data. In accordance with previous 
work (Ettwig et al., 2008) these analyses indicate that the M. oxyfera community 
contains numerous different clades. It is unlikely that any single species is abundant 
enough to classify as a candidate consortium member to perform nitrite-dependent 
anaerobic methane-oxidation (Ettwig et al., 2010).
Supplementary data
-  Supplementary Table 1 (XLS file): List of all clades for which we found evidence 
in the metagenomic, signature genes or metatranscriptomic approaches.
-  Supplementary Table 2 (XLS file): List of signature genes found in the 
metagenomic contigs of the M. oxyfera side population, the clade they are specific 
for, a significance score for the whole clade -10log (observed/expected) and the 
number of reads they consist of.
-  Supplementary Table 3 (XLS file): List of all potential 16S rRNA-targeted FISH 
probes designed by our method. Columns: contig: contig used for designing FISH 
probes; length: length of probe; meltingT: predicted melting temperature (Equation
2); probe: probe sequence from 5’-3’; uniq: uniqueness score of probe (see
56
"Materials and methods”); RNAf65: minimum free energy at T = 65°C (Hofacker 
et al., 1994); palin: fraction of probe sequence that hybridizes onto itself.
-  Supplementary Table 4 (XLS file): SSU rRNA fragments identified on the 
metagenomic contigs.
-  Supplementary Table 5 (XLS file): List of general probes applied to the M. oxyfera 
enrichment culture.
-  Supplementary Table 6 (XLS file): List of primers used to obtain the full 16S 
rRNA gene, for better taxonomic identification of the contigs. The table includes 
the forward primer sequences (based on the developed probes) in combination with 
the 5'-CAKAAAGGAGGTGATCC-3’ reverse primer and the reverse primer 
sequences (based on the developed probes) in combination with the forward primer 
5'-AGAGTTTGATYMTGGCTCAG-3' including the used annealing temperatures 
(Kalendar et al., 2009).
-  Supplementary Figure 1 (TIFF file): Read redundancy in the metagenomic and 
metatranscriptomic sequencing data.
-  Supplementary Figure 2 (TIFF file): (A) Frequency distribution of the bitscores for 
the BlastN mapping of the non-M. oxyfera metagenomic contigs against the NCBI 
non-redundant nucleotide database. (B) Frequency distribution of the mapping 
scores for the BLAT mapping of the non-M. oxyfera metatranscriptomic reads 
against the NCBI non-redundant nucleotide database.
-  Supplementary Figure 3 (TIFF file): Examples of members of the M. oxyfera 
community identified using FISH probes. (A) Alphaproteobacteria identified using 
Cy3 (red) ALF968. (B) Chloroflexi identified using Cy3 (red) GNSB941. (C) 
Planctomycetes identified using Cy3 (red) Pla46. In picture A-C, DBACT1027 
(FLUOS, green), EUB338 (Cy5, blue) and DAPI (DNA stain, cyan) were used as 
well. The scale bar in these pictures = 5 ^m. (D) Positive control for the novel 
FISH probe design procedure. The probe used (Cy3, red) is based on the 
M. oxyfera specific contig 26320 (S-*-c26320-1079-a-A-18). This was combined 
with the probes DBACT1027 (FLUOS, green) and EUB338 (Cy5, blue). The scale 
bar in picture D = 20 ^m.
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Chapter 5
<9
Simultaneous nitrite-dependent anaerobic 
methane and ammonium oxidation
Luesken FA, Sánchez J, van Alen T, Sanabria J, Op den Camp HJM, Jetten 
MSM, Kartal B (2011). Simultaneous nitrite-dependent anaerobic 
methane and ammonium oxidation. Appl Environ Microbiol In press
Nitrite-dependent anaerobic oxidation of methane (n-damo) and ammonium 
(anammox) are two recently discovered processes in the nitrogen cycle, catalyzed 
by n-damo bacteria including ‘Candidatus Methylomirabilis oxyfera’ and 
anammox bacteria respectively. The feasibility of an anammox and n-damo 
coculture is important for implementation in wastewater treatment systems that 
contain both substantial amounts of methane and ammonium. Here we tested this 
possible co-existence experimentally. To obtain such a coculture, ammonium was 
fed to a stable enrichment culture of n-damo bacteria that still contained some 
residual anammox bacteria. The ammonium supplied to the reactor was 
consumed rapidly and could be gradually increased from 1 to 20 mM per day. 
The enriched coculture was monitored by Fluorescence in situ Hybridization, 16S 
rRNA and pm oA  gene clone libraries and activity measurements. After 161 days a 
coculture, with about equal amounts of n-damo and anammox bacteria, was 
established that converted nitrite at a rate of 0.1 kg-N per m3 per day (17.2 mmol 
d-1). This indicates that application of such a coculture for nitrogen removal may 
be feasible in the near future.
INTRODUCTION
Under anaerobic conditions, nitrite serves as the terminal electron acceptor for 
microorganisms that oxidize ammonium and methane. The anaerobic ammonium 
oxidation (anammox) process has already been recognized as a cost-effective and 
environment-friendly alternative to conventional nitrogen removal systems (Kartal et 
al., 2010). Different configurations of anammox reactors are successfully applied in 
full scale sewage treatment plants to treat high ammonium loaded wastewater such as 
anaerobic digester effluents (van der Star et al., 2007; Abma et al., 2010).
Ammonium and methane are major end-products of anaerobic digestion, 
where the latter is recycled and used as an energy source generally for production of 
electricity. Methane in the gas phase can be collected and purified easily, but dissolved 
methane is difficult to recover especially at lower temperatures. The slow release of 
this dissolved methane in the environment contributes to the greenhouse effect (Cakir 
and Stenstrom, 2005; Bogner et al., 2008) and therefore undesirable. Methane is an 
energy rich compound, but as electron donor it is difficult for microorganisms to 
activate. Recently, bacteria affiliated to the ‘NC10’ phylum that couple anaerobic 
methane oxidation to nitrite reduction (n-damo), were discovered and enriched from 
different freshwater systems in The Netherlands and Australia and were tentatively
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named ‘Candidatus Methylomirabilis oxyfera’ (Raghoebarsing et al., 2006; Hu et al., 
2009; Ettwig et al., 2010; Luesken et al., 2011b). If methane could be used to drive 
denitrification, this would circumvent the need for expensive electron donors (for 
example, methanol for nitrogen removal in industrial wastewater treatment systems). 
The coupling of anammox (Eq. 1) and n-damo (Eq. 2) processes represents an 
untapped potential in wastewater treatment systems. Combination of these processes 
would be able to remove ammonium, dissolved methane and nitrite simultaneously 
without the need of extra aeration and the addition of electron donors.
NH4+ + NO2- ^  N2 + 2 H2O (Eq. 1)
3 CH4 + 8 NO2- + 8 H+ ^  3 CO2 + 4 N2 + 10 H2O (Eq. 2)
Besides the availability of ammonium and methane in man-made systems, 
these compounds are also present in natural anoxic ecosystems. Physiological studies 
and environmental surveys revealed that both groups of microorganisms may inhabit 
oxygen limited ecosystems where methane, ammonium and nitrogen oxides (NOx) are 
available (Penton et al., 2006; Schmid et al., 2007; Ettwig et al., 2010; Zhu et al., 
2010). Apparently, even though the bacteria that perform these processes compete for 
the same electron acceptor (nitrite) they are able to coexist in nature.
A wastewater treatment plant is fundamentally different from oxygen limited 
ecosystems due to the high volumetric loading rates and nutrient fluxes. Therefore, it is 
necessary to study the feasibility of cocultures where n-damo and anammox processes 
are performed by two competing groups of microorganisms. In this study we 
investigated whether n-damo and anammox bacteria could coexist under conditions 
relevant in wastewater treatment plants.
MATERIALS AND METHODS
Enrichment of anaerobic methane and ammonium oxidizing bacteria
A previously described enrichment culture (1 L) of anaerobic methane 
oxidizing bacteria (Ettwig et al., 2009), was used to inoculate a 3 L sequencing batch 
reactor (SBR) for the enrichment of anammox bacteria. Each SBR cycle consisted of 
11 h 45 min constant medium supply, 5 min settling for biomass retention and 10 min 
removal of excess liquid. To maintain anoxic conditions and supply the culture with 
methane, the SBR was flushed continuously with CH4/CO2 (95/5%, 12 ml min-1). The 
medium vessel was flushed with Ar/CO2 (95/5%, 10 ml min-1). The SBR was stirred at
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200 rpm with a turbine stirrer and the temperature was kept constant at 30°C. The CO2 
supplied with the bicarbonate in the synthetic medium kept the pH of the culture 
between 7.3 and 7.6. During each filling period, synthetic medium (Ettwig et al., 2009) 
was added continuously. The flow rate was adjusted based on the nitrite reducing 
activity of the culture. In the first 0-49 d of the experiment no ammonium was added to 
achieve steady state conditions. On t = 50 d ammonium was added to the medium (1 
mM NH4+, ± 400 ml d-1) to induce the growth of anammox bacteria. Nitrite and 
ammonium concentrations were further increased during the experiment to keep up 
with the growth of the microorganisms (see the results section).
DNA isolation and phylogenetic analysis
Biomass (2 ml) from the SBR was collected by centrifugation and used for 
DNA extraction at three different time points: when no ammonium was present in the 
SBR (t = 22 d), and after addition of ammonium on t = 87 and t = 139 d. DNA 
extraction and purification were performed according to (Luesken et al., 2011a). To 
detect n-damo and anammox bacteria, primers targeting the functional gene pmoA  and 
the 16S rRNA gene were used as described previously (Schmid et al., 2005; Ettwig et 
al., 2009; Luesken et al., 2011a). For the detection of anammox bacteria at t = 22 d, the 
primers Pla46 (Neef et al., 1998) and 1545R (Juretschko et al., 1998) were used in a 
nested PCR approach with AMX368F and AMX820R (Schmid et al., 2005). The PCR 
fragments from the same gradient PCR were mixed and ligated into the pGEM-T Easy 
cloning vector, according to manufacturer’s protocol (Promega, USA). Plasmid-DNA 
was isolated and purified with the Gene JET Plasmid Miniprep kit (Fermentas, 
Lithuania). Sequence analysis and alignment were performed as described previously 
(Luesken et al., 2011a). Alignments were performed using the ClustalW algorithm and 
phylogenetic trees were calculated with the Neighbor-Joining method. Tree topology 
robustness was tested by bootstrap analysis of 1000 replicates using the MEGA4 
software package (Tamura et al., 2007). Representative sequences of every time point 
from anammox bacteria (16S rRNA) and n-damo bacteria (pmoA) were deposited in 
GenBank under accession numbers JN006723-JN006737.
Activity measurements
To determine the nitrite, ammonium and methane consumption rates in the 
SBR, two batch incubations were performed. The first activity measurement was at t = 
49 d, when no ammonium was present. The methane flow was stopped and the 
headspace of the bioreactor was flushed with Ar/CO2 (10 ml min-1) for 15 min.
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Subsequently, the influent was stopped and the headspace was closed completely. 
Methane (50 ml) was added to the headspace, yielding a final concentration of 8% 
CH4. Nitrite was added to the reactor to a final concentration of 1.3 mM NO2-. After an 
incubation period of ~12 h, methane, nitrite and ammonium samples were taken every 
hour and analyzed as described below.
In the second batch incubation (t = 142 d), methane was present in excess and 
the final concentrations of nitrite and ammonium in the SBR were 1.2 mM and 0.5 
mM, respectively. Samples for nitrite and ammonium analysis were taken and 
analyzed.
Fluorescence in situ  hybridization (FISH)
Biomass (1.5 ml) was harvested from the enrichment culture, fixed in 
paraformaldehyde and hybridized as described previously (Schmid et al., 2003). All 
probes were purchased as Cy3, Cy5 and 5 (6)-carboxyfluorescein-N 
hydroxysuccinimide ester (FLUOS) labeled derivatives from Thermo Electron 
Corporation (Ulm, Germany). The following probes were used to monitor the 
anaerobic ammonium and methane oxidizing communities: S-*-Amx-0368-a-A-18 
(Amx368) specific for all known anammox genera (Schmid et al., 2003), S-*-Amx- 
0820-a-A-22 (Amx820) specific for K . stuttgartiensis and B. anammoxidans (Schmid 
et al., 2000), EUBmix (i.e. EUB338, EUB338II and EUB338III mixed in equimolar 
solution) specific for most bacteria (Amann et al., 1990; Daims et al., 1999), S-P- 
Planc-0046-a-A-18 (Pla46) was used to detect Planctomycetales (Neef et al., 1998) and 
S-*-DBACT-1027-a-A-18 (DBact1027) was used for bacteria affiliated with the 
‘NC10’ phylum (Raghoebarsing et al., 2006). All samples were counterstained with the 
DNA stain DAPI. The slides were examined using a Zeiss Axioplan II epifluorescence 
microscope with digital video camera and image analysis software (Axiovision, Zeiss, 
Germany).
Analytical methods
Nitrite, nitrate and ammonium were measured as described by (Kartal et al., 
2006). For routine nitrite and nitrate analysis Merckoquant test strips were used 
ranging from 0 to 80 mg/L and 0 to 500 mg/L, respectively (Merck, Germany). 
Methane was quantified by gas chromatography, and the total protein content was 
determined by the bicinchoninic acid assay (Pierce, United States) as described before 
(Ettwig et al., 2008).
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RESULTS
Source of inoculum
A SBR was inoculated on t = 0 d, with one liter of an established anaerobic 
methane oxidizing culture containing 70-80% n-damo bacteria (Ettwig et al., 2009). 
After 49 days of stable operation, an activity test was performed with the whole reactor 
(0.12 g protein) to determine the specific activity of the n-damo bacteria. The activity 
for methane and nitrite consumption was 3.1 nmol min-1 mg protein-1 and 8.6 nmol 
min-1 mg protein-1, respectively. The measured stoichiometry of methane to nitrite was 
3: 8.1 identical to the theoretical stoichiometry (Eq 2.). The composition of the n-damo 
culture on t = 45 d (Fig. 3a) was visualized with FISH analysis. N-damo cells made up 
80% of the community, whereas anammox bacteria were below detection limit of FISH 
(~10000 cells/ml) (Amann et al., 1995).
DNA was extracted from the n-damo enrichment culture and subsequently 
clone libraries were constructed for the pmoA  gene of these bacteria (t = 22 d). Clones 
of the pmoA  gene were closely related (ranging from 91 to 95% nucleotide identity) to 
the pmoA  gene found in the published genome of M. oxyfera (Fig. 1a). It was not 
possible to detect the anammox bacteria in the enrichment culture with a direct PCR 
approach. Therefore, a nested PCR using primers targeting the 16S rRNA gene of 
anammox bacteria was performed to verify if these bacteria were present besides the 
dominant n-damo bacteria. This resulted in clones that were similar to the known 
anammox bacteria ‘Candidatus Jettenia asiatica’, ‘Candidatus Brocadia fulgida’ or 
‘Candidatus Kuenenia stuttgartiensis ’ (Fig. 1b). After confirmation of the presence of 
residual anammox bacteria in the n-damo enrichment culture, addition of ammonium 
was started in order to obtain a coculture.
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Figure 1: Phylogenetic trees of pmoA sequences (n-damo) and 16S rRNA sequences (anammox). The 
clone libraries are named after the time points when DNA was extracted; 22 d (when no ammonium was 
present), 87 and 139 d. Trees were calculated using the Neighbor-Joining method and tree topology 
robustness was tested by bootstrap analysis with 1000 replicates. Bootstrap support values greater than 
70% are indicated at the nodes. Nucleotide sequences of amoA, pmoA, pxmA (A) and anammox 16S 
rRNA (B) are represented, including the sequences obtained in this study. Scale bar: 0.1 (A) and 0.02 
(B) substitutions per site
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Enrichment of anammox bacteria
Medium containing 1 mM of ammonium (flow ± 400 ml d-1) was supplied to 
the n-damo enrichment culture at t = 50 d. Significant ammonium consumption (0.2 
mmol d-1) was measured within 14 days (Fig. 2a). From t = 80 d ammonium 
concentration in the medium was gradually increased to 20 mM, proportional with 
ammonium consumption (Fig. 2a). To provide anammox and n-damo bacteria with 
enough nitrite, the concentration of nitrite in the medium was increased to 37.5 mM. 
Nitrate production was in line with the increasing nitrite and ammonium consumption 
by anammox bacteria. Methane and nitrite were always supplied to the reactor in 
excess whereas the anammox bacteria were always kept under ammonium limitation. 
This way, an actively growing coculture of anammox and n-damo bacteria was 
established.
X~z.
°a
o
time (d) time (h)
Figure 2: Increasing NH4+ consumption rates by the whole culture after addition of ammonium to an 
enrichment culture performing nitrite-dependent anaerobic methane oxidation. (A) On t = 50 d, 
ammonium was added to the medium. The consumption was measured on t = 55 d. Ammonium 
concentrations in the medium could be increased up to 20 mM at 160 d (± 400 ml d-1). (B) To determine 
the proportion of nitrite consumption by anammox and n-damo bacteria, the conversion rates of the 
coculture were measured on t = 142 d. When nitrite and ammonium were both present (t = 0-2.8 h), the 
total nitrite consumption was 15.4 nmol min-1 mg protein-1 (open diamonds) and the ammonium 
consumption 9.0 nmol min-1 mg protein-1 (closed circles). When ammonium was depleted, nitrite was 
consumed with 5.0 nmol min-1 mg protein-1 (closed triangles).
Specific activities of the coculture
To determine the contribution of n-damo and anammox bacteria to the 
consumption of nitrite, an activity test with the whole enrichment culture (0.45 g 
protein) was performed on t = 142 d (Fig. 2b). Nitrite and ammonium consumption
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were determined for 6 h. Within the first 3 h, nitrite was converted with a rate of 15.4 
nmol min-1 mg protein-1 and ammonium with 9.0 nmol min-1 mg protein-1 (Fig. 2b). In 
this period, the anammox and n-damo processes were occurring simultaneously. Using 
the anammox stoichiometry 1:1.32 (ammonium:nitrite) (Strous et al., 1998), the 
theoretical nitrite reduction rate of anammox bacteria was calculated from the 
ammonium concentration as 11.9 nmol min-1 mg protein-1 in the first 3 h of incubation. 
After 3 h, ammonium was depleted and nitrite was converted with 5.0 nmol min-1 mg 
protein-1.
Identification of anammox and n-damo bacteria in the coculture
The pmoA clones (t = 87 and 139 d) for the detection of n-damo cells showed 
high similarity (ranging from 89 to 99.7% nucleotide identity) to the clones obtained 
on t = 22 d and M. oxyfera (Fig. 1a). These samples were also screened with 16S rRNA 
primers specific for n-damo bacteria and showed that all the obtained clones clustered 
within group a of the ‘NC10’ phylum (Ettwig et al., 2009) (data not shown). There was 
an apparent shift in the anammox population (t = 87 and 139 d) compared to the 
original sample (t = 22 d); bacterial 16S rRNA sequences related to K. stuttgartiensis 
were no longer detected, but 13 clones (out of 13) at t = 139 d showed similarity to 
either J. asiatica or B. fulgida (Fig. 1b).
The coculture community composition was monitored with FISH. On t = 106 d 
anammox cells were visible and represented approximately 5% of the community (Fig. 
3b). Anammox cells were growing in clusters and together with n-damo bacteria they 
formed flocks. After 151 days, the coculture constituted about 50% of each group of 
organisms (Fig. 3c).
Figure 3: In situ detection of n-damo and anammox bacteria using fluorescence probes. N-damo 
bacteria were identified using Cy3 (yellow) DBACT1027. Anammox bacteria were identified using Cy5 
(light blue) AMX368. (A) On t = 45 d, n-damo bacteria were present but no anammox bacteria could be 
detected. EUBmix was used in FLUOS (green). (B) After 106 days, anammox cells were growing in 
clusters together with the n-damo bacteria. (C) On t = 151 d, the anammox and n-damo population were 
equally distributed (50% of each group of organisms). Scale bar: 10 ^m.
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DISCUSSION
Anammox bacteria were enriched using an existing n-damo culture as 
inoculum in order to study the possibility of simultaneous ammonium an methane 
removal by these two groups of microorganisms. At the start of the experiments, when 
no ammonium was present, the n-damo activity was approximately 1.7 times higher 
than previously reported (Ettwig et al., 2009). At that time, sequences of n-damo and 
anammox bacteria were detected. The detection of anammox bacteria on t = 22 d 
indicated that these bacteria had persisted at least 8 months of cultivation without 
external ammonium supply to the culture. Mineralization of organic matter and 
biomass decay might have supplied anammox bacteria with very low amounts of 
ammonium, while sufficient nitrite was supplied with the synthetic medium. The 
sequences obtained after 139 d showed a shift in the anammox population. In previous 
studies it was shown that the addition of organic acids could cause a shift in the 
anammox community (Kartal et al., 2007; Kartal et al., 2008). It is possible that in the 
present coculture, organic compounds released through biomass decay or the presence 
of methane lead to a shift towards B. fulgida and J. asiatica species. On the other hand, 
pmoA  clones from the enriched coculture (t = 89 and 139 d) formed separate clusters 
within the sequences belonging to the ‘NC10’ phylum, suggesting that there was a 
degree of microdiversity in the n-damo population as was also observed in various 
WWTPs (Luesken et al., 2011b).
After the coculture was established, the n-damo activity was in the same order 
as previously reported (Raghoebarsing et al., 2006; Ettwig et al., 2008; Ettwig et al.,
2009). Methane and nitrite were always present in excess, while the concentration of 
ammonium was limited. Nevertheless, anammox bacteria were responsible for 77% of 
the nitrite consumption after 142 days of cultivation when they constituted 50% of the 
coculture. Most likely, if ammonium was in excess, anammox bacteria would probably 
outcompete n-damo bacteria (Jetten et al., 2008) suggesting that anammox bacteria 
have a higher affinity for nitrite.
In current full-scale anammox bioreactors, nitrite is supplied through partial 
nitrification by aerobic ammonium oxidizing bacteria (Abma et al., 2010). In these 
systems, such as the completely autotrophic nitrogen removal over nitrite (CANON) 
process, aerobic and anaerobic ammonium oxidizing microorganisms convert inorganic 
nitrogen compounds under oxygen limited conditions in a single stage reactor (Third et 
al., 2001; Sliekers et al., 2002; Yan et al., 2010). In similar oxygen limited systems, the 
n-damo bacteria would have to compete with both aerobic methane and anaerobic
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ammonium oxidizing bacteria. Additional experiments with lab-scale bioreactors and 
feasibility tests with pilot-scale wastewater treatment plants are necessary to test the 
competitive fitness of n-damo bacteria under conditions relevant to wastewater 
treatment to determine the applicability of the coculture described here.
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Effect of oxygen on the anaerobic 
methanotroph ‘Candidatus Methylomirabilis 
oxyfera’: kinetic and transcriptional analysis
Luesken FA, Wu ML, Op den Camp HJM, Keltjens JT, Stunnenberg H, Francoijs 
KJ, Strous M, Jetten MSM (2011). Effect of oxygen on the anaerobic 
methanotroph ‘Candidatus Methylomirabilis oxyfera’: kinetic and transcriptional
analysis. Environ Microbiol Submitted
‘Candidatus Methylomirabilis oxyfera’ is a denitrifying methanotroph that 
performs nitrite-dependent anaerobic methane oxidation through a newly 
discovered intra-aerobic pathway. In this study, we investigated the response of a 
M. oxyfera enrichment culture to oxygen. Addition of either 2 or 8% oxygen 
resulted in an instant decrease of methane and nitrite conversion rates. Oxygen 
exposure also led to a deviation in the nitrite to methane oxidation stoichiometry. 
Oxygen-uptake and inhibition studies with cell-free extracts displayed a change 
from cytochrome c to quinol as electron donor after exposure to oxygen. The 
change in global gene expression was monitored by deep sequencing of cDNA 
using Illumina technology. After 24 h of oxygen exposure, transcription levels of 
1109 (out of 2303) genes changed significantly when compared to the anoxic 
period. Most of the genes encoding enzymes of the methane oxidation pathway 
were constitutively expressed. Genes from the denitrification pathway, with 
exception of one of the putative nitric oxide reductases, norZ2, were severely 
down-regulated. The majority of known genes involved in the vital cellular 
functions, such as nucleic acid and protein biosynthesis and cell division processes, 
were down-regulated. The alkyl hydroperoxide reductase, alpC , and genes 
involved in the synthesis/repair of the iron-sulfur clusters were among the few up- 
regulated genes. Further, transcription of the pm oC A B  genes of aerobic 
methanotrophs present in the non-M. oxyfera community were triggered by the 
presence of oxygen. Our results show that oxygen-exposed cells of M. oxyfera were 
under oxidative stress and that in spite of its oxygenic capacity, exposure to 
microaerophilic conditions has an overall detrimental effect.
INTRODUCTION
Methane munching microbes play an important role in the global carbon cycle and 
mitigate the greenhouse effect by oxidizing methane before it reaches the atmosphere 
(Hanson and Hanson, 1996). This process can be performed either aerobically by 
methanotrophic bacteria (methanotrophs), members of the phyla Proteobacteria and 
Verrucomicrobia, or anaerobically by sulfate-dependent methanotrophic archaea 
(Knittel and Boetius, 2009; Op den Camp et al., 2009). Recently, a new group of 
bacterial methanotrophs affiliated to the ‘NC10’ phylum was discovered 
(Raghoebarsing et al., 2006). The representative bacterium, tentatively named 
‘Candidatus Methylomirabilis oxyfera’, performs nitrite-dependent anaerobic methane 
oxidation, with the following stoichiometry (Raghoebarsing et al., 2006; Ettwig et al.,
72
2010): 3 CH4 + 8 NO2- + 8 H+ ^  3 CO2 + 4 N2 + 10 H2O (eqn 1). Interestingly, this 
process is performed via a classical aerobic methane oxidation pathway in the total 
absence of externally supplied oxygen (Ettwig et al., 2010). This apparent paradox is 
explained by the unique ability of M. oxyfera to produce intracellular O2 through an 
alternative denitrification pathway that does not involve nitrous oxide (N2O) as an 
intermediate. In this pathway, the nitric oxide (NO) generated from the reduction of 
nitrite (NO2-) is suggested to be disproportionated into dinitrogen gas (N2) and O2 (Fig.
1) (Ettwig et al., 2010; Wu et al., 2011a). The majority of the generated O2 is used for 
activation and oxidation of methane in the strictly O2-dependent reaction catalyzed by 
particulate methane monooxygenase (pMMO). It has been proposed that the remainder 
of the O2 is used by other processes, like ‘normal’ respiration by terminal O2 reductases 
(TOR). The presence of four sets genes encoding TORs in the genome of M. oxyfera 
and the previously reported functional production of a bo-type ubiquinol (UbqO) TOR 
suggests that this organism is capable of nitrite and O2 co-respiration (Wu et al., 
2011b).
Figure 1: Postulated model for central catabolism and energy conservation in M. oxyfera. Open 
triangles, direction of proton flow. Abbreviations; bc1, cytochrome bc1 complex; mdh, methanol 
dehydrogenase; ndh, NAD(P)H dehydrogenase complex; nir, nitrate reductase; nod, nitric oxide 
dismutase; pmmo, particulate methane monooxygenase; Q, co-enzyme Q. Adapted from (Wu et al., 
2011a).
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Thus far, M. oxyfera and M. oxyfera-like bacteria have been found in various 
freshwater habitats, in close proximity to the oxic/anoxic interface (Raghoebarsing et 
al., 2006; Ettwig et al., 2008; Hu et al., 2011; Luesken et al., 2011b; Luesken et al., 
2011a). Such habitats are subjected to fluctuations in O2 concentrations and in transient 
exposure to O2 . Thus, being able to profit or simply tolerate external O2  might be 
essential for the survival and competitive fitness of M. oxyfera cells in natural O2 
limited ecological habitats.
The effects of O2 exposure on organisms can be manifold. In M. oxyfera it 
could enhance the rates of O2 -dependent reactions, such as the ones catalyzed by 
pMMO and TORs. During electron transport, more energy is conserved by O2 
respiration due to the involvement of TORs, when compared to denitrification; hence, 
an O2 surplus could be beneficial to M. oxyfera. On the other hand, the denitrification 
pathway itself, which is often O2-sensitive, can be inhibited. Studies have shown that 
O2 can suppress the synthesis of denitrifying enzymes and reversibly inhibit their 
activity. The extent of this effect is species dependent and the O2-tolerance varies 
greatly among microbes. Thiomicrospira denitrificans requires absolute anoxia for 
denitrification, while Paracoccus pantothropus can still denitrify at 90% air saturation 
(Hoor, 1975; Robertson and Kuenen, 1984; Zumft, 1997). This variation seems mainly 
caused by differences in sensitivity of enzymes and regulators involved in the reactions 
of the denitrification pathway. In some denitrifiers, higher growth rates were observed 
when O2 and nitrate were simultaneously used as electron acceptors (Robertson and 
Kuenen, 1984; Bonin and Gilewicz, 1991). Interestingly, the strict aerobe 
Methylotenera mobilis denitrifies when grown in methanol, but only to N2O as end 
product (Kalyuhznaya et al., 2009).
In addition to the possible effects on the central energy metabolism, a direct 
consequence of increased O2 utilization as terminal electron acceptor is the concomitant 
increase in the formation of highly reactive O2 species (ROS) which are derived from 
the partial reduction of O2 . The increased intracellular ROS can damage essential 
cellular components when not scavenged (Fridovich, 1978; Imlay et al., 1988). To 
counteract this effect, many organisms have developed O2-detoxification systems: 
superoxide anions (O2-) are converted to hydrogen peroxide (H2O2 ) by superoxide 
dismutase (SOD), and H2O2 is eliminated by the action of catalases and peroxidases 
(Farr and Kogoma, 1991).
The response of M. oxyfera to O2 has not been investigated so far. Here, cells 
from a M. oxyfera enrichment culture were exposed to two different O2 concentrations 
(2 and 8%). Kinetics of substrate utilization under anoxic conditions and upon O2
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exposure was measured. For the cells treated with 8% O2 , the differential O2 reduction 
potential by the cell-free extracts was measured and the total mRNA profiles were 
examined to evaluate the changes in global gene expression.
MATERIALS AND METHODS
M. oxyfera enrichment culture
M. oxyfera was enriched in an anoxic sequencing batch reactor (15 L) at 30°C 
as described before (Ettwig et al., 2009). During prolonged enrichment (> 6 months), 
O2 levels were always below the detection level as monitored by a Clark-type O2 
electrode. M. oxyfera made up about 70-80% of the total bacterial population, as shown 
by FISH and metagenome analysis.
Experimental set-up
As the O2 tolerance of M. oxyfera was unknown, two experiments with 
different O2 concentrations were performed, one with initially 2% pure O2 in the 
headspace and one with initially 8% pure O2. Experiments were carried out at 30°C in 
bottles with a total volume of 2.3 L or 1.1 L. Biomass from the M. oxyfera enrichment 
was used to inoculate the bottles, which were equipped with a gas and liquid sampling 
ports. To buffer the liquid 3-(N-morpholino) propanesulfonic acid (MOPS) was added 
to a final concentration of 30 mM resulting in a pH of 7.2. The headspace of the bottles 
including MOPS, were flushed with helium for 30 min prior to the experiment. In both 
experiments biomass from the M. oxyfera enrichment culture containing 0-10 mg/L 
nitrite was pumped directly into the anoxic bottles using Masterflex easy-load II pumps 
with 16 mm Norprene tubing (Cole Parmer, USA), to prevent exposure to air. 
Overpressure was obtained by adding either 150 or 100 mL of helium to the first and 
second experiments, respectively. There was an incubation period of approximately 12 
h to reach equilibrium for the added gasses, before the measurements started. Bottles 
were stirred at 150 rpm during the course of the experiment.
In the first experiment, a 2.3 L bottle was inoculated with 1 L biomass. 
Labeled nitrite (stock solution: 1 M 15NO2-) was directly added to the bottle, with a 
final concentration of 3 mM. Subsequently labeled methane (50 mL 13CH4 ) was added 
to the headspace of the bottle. At t = 27 h, 20 mL of pure O2 was supplied to the 
headspace and at t = 49 h another 10 mL of O2 was added to the bottle.
In the second experiment, a 1.1 L bottle was inoculated with 700 mL bottle. At 
the start of the experiment, before addition of 15NO2-, the residual nitrite concentration
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was 0.2 mM. The stock solution of labeled nitrite (1 M 15NO2-) was first diluted in 
medium [according to (Ettwig et al., 2009) without NO2-] to 60 mM and subsequently 
added to the bottle with a final concentration of 2.5 mM nitrite. The total volume of the 
sample was 750 mL. Labeled methane (40 mL 13CH4) was injected in the headspace, 
followed by argon (0.3%), which was used as internal control for leakage and remained 
constant throughout the experiment. After an anoxic period of 27.5 h, 30 mL of pure 
O2 was added to the culture, resulting in a headspace concentration of 8%. This 
experiment was prolonged until the initial O2 concentration (8%) was depleted. 
Subsequently, methane was measured in this second anoxic period from t = 69.5 to 
77.5 h. A control experiment was run in parallel, where 30 mL of helium instead of 
pure O2 was added. Samples (70 mL) for the O2-uptake assays were taken after 24 h of 
O2 exposure and RNA was extracted for deep sequencing of cDNA using Illumina 
technology (see below). Gas samples from the first and second experiment were taken 
for CH4 analysis using gas chromatography (100 ^l per injection); N2 and O2 were 
analyzed using a gas chromatograph coupled to a mass spectrometer (30 ^l per 
injection) as described below.
T ranscriptomics
Total RNA was extracted from samples (6 mL) from the anoxic bottle culture 
and after 24 h exposure to 8% O2 using the RiboPure™ -  Bacteria kit (Ambion, 
AM1925, The Netherlands), according to the manufacturer’s instructions. After 
isolation, an additional DNAse treatment was performed. Quality was assessed by 
1.2% agarose gel electrophoresis and concentrations were measured with NanoDrop 
ND-1000 spectrophotometer (Isogen Life science). First-strand cDNA was synthesized 
with random primers using the RevertAid™ H Minus First Strand cDNA Synthesis 
Kit, and the second strand was synthesized using DNA polymerase (Fermentas Life 
Sciences) according to the manufacturer’s instructions. Purification of dsDNA was 
performed using the phenol chloroform method. Single-end Illumina sequencing was 
performed as described previously (Ettwig et al., 2010). The obtained Illumina reads 
(read length: 75 nt; 27,890,382 for oxic conditions and 30,582,570 reads under anoxic 
conditions; Supplementary Table 1) were mapped with CLC bio genomics software to 
the genome assembly of M. oxyfera (NCBI accession number GSE18535) excluding 
the rRNA genes. Reads were counted if they had a minimum identity of 90% and 
minimum length coverage of 90% to the M. oxyfera genes. Excluding the rRNA genes, 
158,159 reads were mapped to M. oxyfera genes for the oxic period and 250,081 for 
the anoxic period. This resulted in a average coverage, defined as N x L/G, were N is
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the number of reads, L the average read length and G length of the genome, of 4.5 and 
7.2-fold for the anoxic and oxic conditions, respectively. The percentages of total reads 
mapped to M. oxyfera including ribosomal RNA in anoxic and oxic conditions were 
73.8% and 69.3%, respectively. The relative expression of the M. oxyfera genes was 
calculated as described previously (Ettwig et al., 2010). Only differential expressions 
with a 2-fold lower or higher than average coverage were considered significant. In 
order to analyze reads that had a match with methane monooxygenase genes, 7076 pmo 
genes were downloaded from NCBI (14 June 2011). Illumina reads were mapped with 
a minimum DNA identity of 66% and minimum length coverage of 80%. In this way 
2282 and 2110 reads were obtained for the anoxic and oxic period, respectively. To 
assess the diversity in those reads, a Blastx (and Blastn) analysis versus the non 
redundant NCBI data base was performed using an E value of 0,0001.
Preparation of cell-free extracts
Approximately 1.6 g of biomass (wet weight) from the anoxic period and 
biomass exposed to 24 h of 8% O2 was collected and washed three times in 20 mM 
Tris-HCl, pH 8.0. Cells were resuspended in 10 ml buffer, containing 20 mM Tris-HCl, 
pH 8.0, 50 mM sodium pyrophosphate, 0.5 mM phenylmethanesulfonyl fluoride 
(PMSF), and a few grains of solid DNAse. Cells were broken by sonication, cell debris 
was removed by centrifugation (6000 x g, 15 min, 4°C) and the supernatant was 
collected as cell-free extract.
O2 reduction measurements
O2 consumption by the M. oxyfera cell-free extracts was measured 
polarographically at 30°C using a microsensor Clarke-type electrode (Unisense, 
Denmark). Anoxic stock solutions of the substrates and inhibitors were prepared in 
100% helium gas prior to injection to the reaction mixtures. Bovine heart cytochrome c 
(10 ^M) and N,N,N',N'-tetramethyl-p-phenylendiamine (TMPD; 2 mM) O2 reductase 
activities were assayed in the presence of 2 mM sodium ascorbate. Ubiquinone-1 (Qi; 
60 ^M) reduced with 10 mM DTT was used to assay UbqO O2 reductase activity. In 
the inhibitions assay, the samples were pre-incubated with cyanide (CN-; 5 mM) or 
salicylhydroxamic acid (SHAM; 5 mM) for 1 h. The donor-specific O2 consumption 
rates were corrected for the auto-oxidation and endogenous respiration rates as 
described by (Wu et al., 2011b).
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Fluorescence in situ  Hybridization (FISH)
Biomass samples (2 mL) from the anoxic and oxic period were fixed and 
hybridized according to (Luesken et al., 2011b) using 20-50% formamide, depending 
on the specificity of the oligonucleotide probes. The following probes were used: S-*- 
DBACT-0193-a-A-18 (DBACT193) and S-*-DBACT-1027-a-A-18 (DBACT1027), 
specific for dominant bacteria affiliated with the 'NC10' phylum (Raghoebarsing et al., 
2006); S-D-Bact-0338-a-A-18 (EUB338), specific for most Bacteria (Amann et al., 
1990); L-C-gProt-1027-a-A-17 (GAM42a), specific for y-Proteobacteria (Manz et al., 
1992); L-C-bProt-1027-a-A-17 (BET42a), specific for fi-Proteobacteria (Manz et al., 
1992), S-Sc-aProt-0968-a-A-18 (ALF 968), specific for a-Proteobacteria, except 
Rickettsiales (Neef, 1997) and S-P-Planc-0046-a-A-18 (PLA 46), specific for 
Planctomycetes (Neef et al., 1998). The slides were examined using a Zeiss Axioplan II 
epifluorescence microscope with digital video camera and image analysis software 
(Axiovision, Zeiss, Germany).
Analytical methods
For routine nitrite analysis, Merckoquant test strips (0 to 80 mg L-1 nitrite; 
Merck, Germany) were used. Nitrite and nitrate samples (1 mL) from the batch 
experiments were measured colorimetrically (Kartal et al., 2006). Methane 
concentrations were determined by gas chromatography (Ettwig et al., 2008). To 
analyze N2 (labeled and non-labeled) and O2 , gas chromatography was used (6890 
series; Agilent, USA) with a Porapak Q column at 80°C (4 min) using helium as carrier 
gas (flow rate, 24 mL min-1). The gas chromatograph was coupled to a mass 
spectrometer (Agilent 5975C inert MSD; Agilent, USA). Molecular masses of 32 Da 
(O2 ) and 28 to 30 Da (N2) were quantified and analyzed using Enhanced MSD Chem 
Station software (version E.02.00.493; Agilent). The total protein content in the 
incubations was determined by the bicinchoninic acid assay (BCA, Pierce, USA) 
according to manufacturer’s protocol. Bovine serum albumin (BSA, Thermo Scientific, 
USA) was used as a standard. The protein content of the cell-free extracts was 
determined as described previously (Bradford, 1976) using a Bio-Rad protein assay kit 
(Bio-Rad, Veenendaal) with BSA as standard.
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RESULTS
Effects of O2 on nitrite-dependent anaerobic methane oxidation rates
Biomass from a M. oxyfera enrichment culture was exposed to O2 in two 
different experiments (2 and 8% O2). In the anoxic period of both experiments, as well 
as in the control experiment, the methane and nitrite conversion rates occurred close to 
the expected 3 CH4: 8 NO2" (see eqn 1) stoichiometry (Raghoebarsing et al., 2006) 
(Fig. 2 and Table 1). After addition of O2, the methane and nitrite conversions 
decreased instantaneously and the stoichiometry deviated substantially (1 CH4: 2 NO2") 
from the theoretical values (Fig. 2 and Table 1).
In the second experiment (8% O2), the produced dinitrogen gas was analyzed 
for the masses 15-15N2, 15-14N2 and 14-14N2 because unlabeled residual nitrite was present 
in the M. oxyfera biomass before labeled nitrite was added. The production rate of 15- 
15N2 was 1.3 nmol min-1 mg protein-1 and in total 1.8 nmol N2 min-1 mg protein-1 was 
formed. The initial concentration of O2 (8%) was depleted within 42 h. In the following 
anoxic period (69.5 to 77.5 h) the anaerobic methane oxidation coupled to 
denitrification did not fully recover. The measured anoxic conversion of methane 
during this period was 0.7 nmol min-1 mg protein-1, which was lower than the initial 
methane oxidation rate measured. In the anoxic control (0.14 g protein), kept in parallel 
for 79 h, the methane and nitrite conversions were close to the rates in the anoxic 
period from the second experiment (8% O2).
Xa
time (h) time (h)
Figure 2: Methane (closed squares) and nitrite (open circles) consumption by the whole enrichment 
culture performing nitrite-dependent anaerobic methane oxidation. (A) In the anoxic period (white 
background) methane and nitrite were converted according to stoichiometry (eqn.1). After addition of O2 
(gray background) the conversions rates of methane and nitrite decreased by 25 and 57%, 
respectively.(B) In the second activity experiment conversions of methane and nitrite in the oxic period 
(gray background) compared to the anoxic period (white background) decreased by 72 and 81%, 
respectively.
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Table 1: Methane, nitrite and O2 conversion rates under anoxic conditions and after exposure to either 2 
or 8% of pure O2. The control experiment received 30 mL of helium after 28.5 h, thus remained anoxic 
with stable conversion rates (the control was measured until t = 79 h).
Experiment Anoxic 
nmol min-1 mg protein-1
Oxic
nmol min-1 mg protein-1
c h 4 n o 2- c h 4 NO2- O2
2% 0.7 2.3 0.5 1.0 0.9
8% 1.8 5.3 0.5 1.0 4.0
Control 2.1 5.6
Effects in the O2-uptake by cell-free extracts
O2 consumption by cell-extracts of M.oxyfera culture under anoxic (t = 0) and 
after 24 h of exposure to 8% of O2 was assessed using specific reductants: TMPD/cyt c 
or UbqO (Table 2). CN- and SHAM were used as specific inhibitors for heme-copper 
TORs (Garcia-Horsman et al., 1994) and diiron alternative O2 reductase (AOX) 
(Schonbaum et al., 1971), respectively. The total O2-uptake capacity by M. oxyfera 
cell-free extracts was not significantly affected by O2 exposure. Under anoxic 
conditions, a higher activity for TMPD/cyt c-dependent O2-uptake was observed. 
UbqO-dependent O2 -uptake only accounted for about 20% of the total reduced O2 . 
When assayed with inhibitors, the UbqO-dependent O2-uptake was insensitive to both 
CN- and SHAM. In contrast, the TMPD/cyt c-dependent respiration was inhibited up to 
50% by CN-. Thus, under anoxic conditions, 50% of the total consumed O2 can be 
assigned to the activity of TOR(s). After exposure to O2 , a shift to UbqO-dependent 
O2-uptake was observed. The TMPD/cyt c O2 -uptake was 2-fold lower in comparison 
to the samples from the anoxic condition and the UbqO-dependent O2-uptake increased 
up to 3-fold. Now, the TMPD/cyt c O2 -uptake was not significantly affected by CN-, 
whereas the UbqO-dependent O2-uptake inhibited by CN- and SHAM, respectively. 
This results show that exposure to O2 stimulated the UbqO-dependent O2 -uptake. Still, 
only 33% of the total O2 consumption can be assigned to TOR enzymes.
Table 2: Oxygen reduction activity and inhibition of M. oxyfera cell-free extracts from the initial anoxic 
condition and after 24 h exposure to 8% O2.
* Results are the means with 
standard deviations from at least 
three independent assays. Cell- 
free extract protein concentrations 
in the (0.5 mL) polarographic 
chamber during the assay ranged
Substrate O2 consumption activity* 
(nmol min-1 mg of protein-1)
Anoxic Oxic
TMPD + cyt c 341 ± 22 148 ± 9
+5 mM CN- 170 ± 19 125 ± 2
Q 1H2 66 ± 9 169 ± 14
+5 mM CN- 86 ± 6 109 ± 7
+5 mM SHAM 67 ± 4 125 ± 2 between 0.8 and 2.7 mg mL-1
80
Changes in transcript levels upon O2 exposure
We monitored the change in the gene expression of M. oxyfera by comparing 
the transcript profiles of cells under anoxic conditions (t = 0) and after 24 h of exposure 
to 8% of O2 (Tables 3-5). From 2303 transcripts, 148 were up-regulated, 961 down- 
regulated, and 856 transcripts did not change significantly. Some transcripts were only 
detected under anoxic (296) or O2 exposed conditions (42).
The analysis of the cellular functions of proteins encoded by genes showing 
differential transcription can elucidate the mechanisms by which O2 exposure affects 
M. oxyfera. From this point of view, three major groups could be distinguished, which 
include genes encoding enzymes involved in the (1) central energy metabolism; (2) 
direct response to the presence of O2, such as TORs and ROS defense; (3) protein and 
nucleic acid synthesis process, and cell division processes*.
1. Genes involved in the central energy m etabolism
The transcription profile of genes encoding enzymes involved in methane 
oxidation were not significantly affected by exposure to O2 (Table 3). Out of 18 
transcripts, including a variety of enzymes that catalyze the oxidation of methane to 
carbon dioxide, only 5 were down-regulated. These comprised genes encoding 
enzymes that catalyze partial reactions succeeding the formation of formaldehyde, such 
as formaldehyde activating enzyme (fae) and formate dehydrogenase (fdh).
The denitrification pathway, on the other hand, was more significantly affected 
by the presence of O2 . From the 13 genes, 9 were down-regulated (Table 4). The 
expression of gene clusters encoding for nitrate reductase (NAR) and nitrite reductase 
(NIR) were notably suppressed, with several genes showing a 10-fold lower 
expression. Interestingly, two gene transcripts that were not suppressed by O2 were the 
ones that encode for the putative nitric oxide reductase (NOR) enzyme: norZ3 was 
transcribed at the same level and norZ2 was up-regulated up to 7.5-fold.
2. Genes involved in the direct response to the presence o f  O2: the ROS defense 
system  a n d  TORs
A direct effect of the presence of O2 is the production of ROS, which can cause 
damage at various cellular levels if it exceeds the capacity of the cell defense system. 
Analysis of the genome of M. oxyfera showed that it contained a repertoire of genes
* Tables 3, 4 and 5 can be found from page 87 on.
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potentially encoding enzymes that are implicated in the defense against ROS: (i) a Fe- 
SOD (sodB), (ii) three haem iron peroxidases (2 ccp; 1 dyp) (iii) a non-haem iron 
rubrerythrins (rbr) and an alkyl hydroxyperoxidase reductase (ahpC). A catalase- 
encoding gene was not present in the genome. Differential expressions of these genes 
are shown in Table 5. The sodB  gene encoding SOD, which catalyzes dismutation of 
O2- to hydrogen peroxide, was constitutively expressed. Interestingly, two of the 
peroxidases and rbr were down-regulated. AhpC, a hydrogen peroxide scavenger and 
member of the thioredoxin fold superfamily (Schroder and Ponting, 1998), was the 
only gene of O2 defense that was up-regulated (4-fold) upon O2 exposure.
The genome of M. oxyfera contains four gene clusters encodings TORs; these 
include two heme-copper cytochrome c-dependent TORs, one heme-copper UbqO- 
dependent TOR and a diiron cyanide insensitive AOX (Wu et al., 2011b). It was 
expected that an O2 surplus would induce the expression of TORs as more substrate 
was available. However, the expressions of these genes did not change significantly 
(Table 5).
3. Genes involved in the protein  synthesis, nucleic acids synthesis, and  cell division
Differential analysis of the genes involved in the protein synthesis and repair 
suggests that M. oxyfera was under oxidative stress after O2 exposure (Tables 2-5). 
Overall, genes involved in cell division were repressed in the presence of external O2 ; 
these include for instance genes belonging to the fts  operon and the rod-shape 
maintaining bacterial actin homologue mreB (Cabeen and Jacobs-Wagner, 2005). The 
majority of the genes involved in DNA replication were either constitutively expressed 
or down-regulated. Exceptionally, dnaK, which is also implicated in the hyperosmotic 
shock (Bianchi and Baneyx, 1999), was up-regulated (Supplementary Table 1).
Proteins containing iron-sulfur (Fe/S) clusters are very prone to O2- attack. 
Exposure of M. oxyfera to O2 resulted in an increased expression of nifU/nifS and SUF 
operon (sufABCDSE) genes which encode for proteins involved in Fe/S biosynthesis 
and/or repair (Ayala-Castro et al., 2008). It is noteworthy that the gene encoding for the 
flavin-containing glycolate oxidase and chaperone-like peptidyl-prolyl cis-trans 
isomerase (PPIase) were repressed after O2 exposure (Supplementary Table 1).
Analysis of non-M. oxyfera community
Due to the complexity of the enrichment culture used, oxygen can affect not 
only M. oxyfera but also the non-M. oxyfera community. Thus, the community 
composition of the culture was monitored using FISH and complemented by the
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analysis of the total pm o gene transcripts under anoxic and O2 exposed conditions. 
When monitored by FISH, no significant differences were observed between the anoxic 
and oxic periods, using general probes targeting organisms like a-, fi- and y- 
Proteobacteria, and specific probes targeting M. oxyfera (Supplementary Figure 1). 
This was corroborated by 70% percentage of Illumina reads that matched to M. oxyfera 
in both periods. Examination of the total pm o gene transcripts showed that O2 triggered 
the onset of transcription of pm o genes from various aerobic methanotrophs and amo 
genes from Nitrosomonas (Table 6). However, the majority of pm o transcripts matched 
to M. oxyfera in both periods.
Table 6: Analysis of M. oxyfera and non-M. oxyfera pmo and amo gene cluster transcripts under anoxic 
conditions (2282 reads) and after 24 h exposure to 8% O2 (2110 reads).
Organism ___________ Anoxic___________  ____________ Oxic
reads % reads %
M. oxyfera 2275 99.7 1911 90.6
Methylobacter 0 0 4 0.2
Methylovulum 0 0 11 0.5
Methylomicrobium 0 0 9 0.4
Methylomonas 4 0.2 108 5.1
Methyococcus 1 0 24 1.1
Methylosinus 0 0 15 0.7
Methylocystis 2 0.1 28 1.3
Nitrosomonas 0 0 2 0.1
DISCUSSION
Three properties of M. oxyfera make it a very interesting system to study the 
effects of O2 : (i) the ability to perform anaerobic methane oxidation coupled to 
denitrification, (ii) the ability to produce O2 intra-aerobically, and (iii) the possession of 
an apparently suitable ROS defense system. In this study, the effects of aerobic 
conditions (2 and 8%) on anoxic incubations of M. oxyfera were investigated using a 
complementary array of methods.
The anoxic M. oxyfera incubations showed methane oxidation coupled to 
nitrite reduction close to the expected 3:8 stoichiometry as reported previously 
(Raghoebarsing et al., 2006) (Table 1). Addition of either 2 or 8% O2 resulted in an 
instant decrease in the nitrite conversion rates leaving only 43 and 19% of the original 
nitrite converting activity, respectively (Fig. 2 and Table 1). This decrease is strongly 
corroborated by the decrease in expression levels of nitrate and nitrite reductase genes. 
Substrate limitation can be ruled out since both methane and nitrite were present in
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sufficient amounts throughout the experiment. Therefore, the observed decrease in  
activ ity is most like ly  a direct effect o f the O 2 added to the incubations. Upon O 2 
depletion, it  appeared that M . oxyfera  does not resume activ ity to its original capacity. 
The above mentioned findings are h igh ly interesting, taken into account that M . 
oxyfera  is an oxygenic bacterium. One possible explanation is that being a slow- 
growing and slow-metabolizing organism, both the ROS defense system and the 
electron transport chain in  M . oxyfera  have a low  capacity, and thus, a surplus o f O 2 
does not result in  a complete transfer o f electrons to O2 and e ffic ient e lim ination o f 
ROS.
A fte r O 2 addition, both the methane and n itrite  conversion rates decreased but 
also the stoichiometry shifted towards methane oxidation independent o f 
denitrification. This effect could be due to an increased susceptibility o f the 
denitrification enzymes to oxidative conditions, a preference fo r O 2 as electron 
acceptor, or a combination o f these effects. In  line w ith  the observed shift in  the 
stoichiometry and the susceptibility o f enzymes involved in  denitrification, the 
m ajority o f genes involved in  the denitrification pathway were down-regulated upon 
exposure to 8% O2 (Table 4). Interestingly, the transcription o f the norZ2  gene 
encoding fo r the n itric  oxide reductase (NOR) was h igh ly induced by O 2 . The norZ2  
gene is one o f the candidate enzymes fo r NO disproportionation, the reaction 
responsible fo r the oxygenic capacity o f M . oxyfera  (E ttw ig et al., 2010). NOR 
enzymes can have O 2 reductase activity. For instance, the cb -type NOR from  P. 
den itrificans , reduces O 2 to water as a side reaction (Fujiwara and Fukumori, 1996). 
Thus, it  is conceivable that under oxidative conditions, the up-regulation o f norZ2  
serves fo r O 2 respiration or detoxification. Nevertheless, further investigation is 
necessary to test these hypotheses. Due to the community complexity o f the enrichment 
culture, it  is also possible that the surplus o f methane, uncoupled to n itrite  reduction, 
was consumed by other members o f the community, such as aerobic methanotrophs. 
A lthough no significant variation in  the non-M. oxyfera  community was observed 
using FISH, a more sensitive analysis o f pm o  gene transcripts showed that O2 triggered 
the onset o f pm o  transcription o f a variety o f aerobic methanotrophs (Table 6). Thus, it 
is like ly  that a small part o f the methane oxidation observed in  the oxic period is due to 
the activ ity o f aerobic methanotrophs. In  addition, at both O 2 concentrations tested, O 2 
reduction occurred at rates higher than could be assigned to methane oxidation alone. 
The source o f the excess o f O 2 consumed m ight be heterotrophic, given that internal 
substrates can be generated by decaying biomass or by using reserve material.
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O2-uptake and inhibition studies using specific inhibitors for TOR show that 
the activity decreased from 50% in the anoxic period to 33% when exposed to 8% O2 
(Table 2). O2 exposure also resulted in a shift in the electron donor specificity: under 
anoxic conditions, the major part of O2 consumption can be assigned to a cytochrome 
c-dependent TORs, whereas after O2 exposure the UbqO TOR activity was dominant. 
Despite of this variation, no significant variation in the level of transcripts was found 
for the four TORs. This shift could be due to (i) regulation of these enzymes at the 
translation level; (ii) O2-consumption by aerobic methanotrophs; and alternatively, (iii) 
it is possible that at least part of the increased UbqO-respiration derives from NOR 
activity, which would be consistent with the marked up-regulation of norZ2.
Genome analysis suggests that M. oxyfera is suitably equipped with a ROS 
defense system. Among genes implicated in the ROS systems, only alpC  was induced 
in O2 treated cells. Two of the haem  iron peroxidases and rbr were down-regulated. 
The exact physiological role of rubrerythrins in defense against oxidative stress has not 
been entirely elucidated. However, a peroxidase activity has been suggested 
(Sztukowska et al., 2002).The constitutive expression of the other ccp (DAMO_1666) 
and sodB  may serve to provide M. oxyfera with a standby defense against the internally 
produced O2 , whereas alpC  functions as a major peroxide scavenger under oxidative 
conditions. In the strict anaerobe Clostridium perfringens, transcription of both sodB 
and rbr did not change in O2 treated cells (Geissmann et al., 1999). On the other hand, 
increased levels of SOD have been reported for anaerobically grown cultures of 
Streptococcus faecalis and Escherichia coli B exposed to O2 (Gregory and Fridovich, 
1973). These observations suggest the response to O2 among microorganism in not 
uniformly similar.
Two additional observations support the notion that M. oxyfera was under 
oxidative stress upon O2 exposure. First, the majority of the differentially expressed 
genes were down-regulated (961 down, 148 up). Secondly, most of the genes involved 
in various vital cellular functions were among the down-regulated ones. For example, 
genes involved in DNA replication, protein folding and stabilization, and cell division, 
including mreB and the one from fts  operon, were down-regulated. The lower amounts 
of the chaperone-like PPIase transcripts is a factor that could prevent the 
folding/stabilization of de novo synthesized proteins (Ideno et al., 2001) as previously 
reported for O2 -treated cells of the strict anaerobe Desulfovibrio vulgaris (Fournier et 
al., 2006). Flavin-containing proteins, such as glycolate oxidase, may generate 
hydrogen peroxide in response to O2. Lower expression of glycolate oxidase by M. 
oxyfera might serve the means of preventing excessive hydrogen peroxide formation.
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In Desulfovibrio vulgaris lower levels of glycolate oxidase were detected in the O2 
treated cells (Fournier et al., 2006). The genes encoded by the nifU/nifS and SUF 
operon have a role of synthesis and repair of Fe/S clusters (Dos Santos et al., 2004); 
induction of these genes point to Fe/S clusters damage in the O2 treated M. oxyfera 
cells.
Despite the long duration of our experiment, the question remains whether in a 
continuous culture with alternating oxic/anoxic conditions as described by (Strous et 
al., 1997) M. oxyfera would adapt to or even benefit from microaerophilic conditions. 
In conclusion, the applied O2 conditions in this study have an overall damaging effect 
in M. oxyfera. The inhibition of the central energy metabolism and the deviation in the 
stoichiometry when cells are exposed to O2 suggests that O2 production and 
consumption by M. oxyfera is a tightly controlled process.
SUPPLEMENTARY DATA
-  Supplementary Figure 1: Example of the community composition and its abundant 
members visualized using Fluorescent in situ Hybridization (FISH) in the anoxic 
and oxic period. The general bacterial probe EUB338 (Cy5, dark blue) was 
combined with specific probe DBACT1027 for ‘NC10’ affiliated bacteria (Cy3, 
red). The scale bar in these pictures is 20 ^m. (A) In the anoxic period M. oxyfera 
dominates the population with 70-80%. (B) On t = 31.5 h (5 h after addition of 8%
O2) no differences could be observed compared to the anoxic period. (C) After 99 
h (72 h after the addition of O2) the population was still dominated by M. oxyfera.
-  Supplementary Table 1 (XLS file): Illumina reads (75 nt) of M. oxyfera 
incubations under anoxic and oxic conditions mapped on the M. oxyfera genome 
(NCBI accession number GSE18535) using CLC bio genomics software.
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Table 3: Transcriptome analysis of genes encoding enzymes involved in the methane oxidation pathway of M. oxyfera under anoxic conditions and after 24 h
exposure to 8% O2. Grey = down-regulated genes; up-regulated genes; white = constitutively expressed.
Enzyme Gene ORF Anoxic Oxic Ratio (oxic
identifier _______________________________  __________________________  vs. anoxic)
# unique reads 
detected
average
coverage
# unique reads 
detected
average
coverage
Methane monooxygenase pmoA1 DAMO 2450 995 13.6 700 15.2 1.1
pmoB1 DAMO 2448 1066 8.4 412 5.2 0.6
Methanol dehydrogenase mxaF3 DAMO 0134 435 2.4 148 1.3 0.5
mxaJ3 DAMO 0136 113 1.3 65 1.2 0.9
mxaG3 DAMO 0138 46 0.9 18 0.6 0.6
Formaldehyde activating enzyme fae DAMO 0454 4573 91.6 764 24.2 0.3
Methylene H 4MTP dehydrogenase mtdB DAMO 0455 395 4.5 190 3.4 0.8
Methenyl H 4MPT cyclohydrogenase mch DAMO 0461 38 0.4 7 0.1 0.3
Formyltransferase/hydrolase complex fdhA DAMO 0458 523 3.2 311 3 0.9
fhcA DAMO 0457 392 2.5 195 2.3 0.9
fhcB1 DAMO 1135 14 0.4 9 0.4 1
fhcB2 DAMO 1136 58 0.6 6 0.1 0.2
fhcC DAMO 0460 405 5 131 2.6 0.5
fhcD DAMO 0459 272 3 117 2 0.7
Methylene H 4F dehydrogenase/ 
Methenyl H 4F cyclohydrolase
folD DAMO_1852 89 1 38 0.7 0.7
Formyl H 4F deformylase purU DAMO 2586 82 1 28 0.5 0.5
Formate dehydrogenase fdhA2 DAMO 0853 145 0.5 17 0.1 0.2
fdhB/C2 DAMO 0854 145 0.7 31 0.2 0.3
Table 4: Transcriptome analysis of genes encoding enzymes involved in the denitrification pathway in M. oxyfera under anoxic conditions and after 24 h
exposure to 8% O2. Light grey = down-regulated genes; dark grey = up-regulated genes; white = constitutively expressed.
Enzyme Gene ORF Anoxic Oxic Ratio (oxic
identifier vs. anoxic)
# unique reads 
detected
average
coverage
# unique reads 
detected
average
coverage
Nitrate reductase narG DAMO 0778 1452 4 190 0.8 0.2
narH DAMO 0776 2732 17.9 193 2 0.1
narL DAMO 0774 259 3.8 27 0.6 0.2
narJ DAMO 0775 353 3.9 30 0.5 0.1
Periplasmic nitrate reductase napA DAMO 2411 250 1.1 72 0.5 0.5
napB DAMO 2410 8 0.2 2 0.1 0.4
Nitrite reductase nirS DAMO 2415 2134 13 113 1.1 0.1
nirJ DAMO 2413 116 1 48 0.6 0.7
nirF DAMO 2412 88 0.7 35 0.5 0.6
nirD/nirG/nirH/nirL DAMO 2409 48 0.4 10 0.1 0.3
Nitric oxide reductase norZ1 DAMO 1889 201 0.9 38 0.3 0.3
norZ2 DAMO 2434 2229 9.2 10609 69.4 7.5
norZ3 DAMO 2437 9380 38.7 7715 50.3 1.3
Table 5: Transcriptome analysis of genes encoding enzymes involved in the response to oxidative stress and TORs in M. oxyfera under anoxic conditions and
after 24 h exposure to 8% O2. Light grey = down-regulated genes; dark grey = up-regulated genes; white = constitutively expressed.
Enzyme Gene ORF
identifier
Anoxic
# unique reads 
detected
average
coverage
Oxic
# unique reads 
detected
average
coverage
Ratio (oxic 
vs. anoxic)
Cyt odependent TOR coxl DAMO 1165 103 0.6 31 0.3 0.5
cox2 DAMO 1166 93 1.3 41 0.9 0.7
cox3 DAMO 1164 43 0.8 5 0.1 0.2
cox4 DAMO 1162 13 0.5 4 0.2 0.5
Cyt c-dependent TOR cbaA DAMO 0801 267 1.9 138 1.6 0.8
cbaB DAMO_0802 166 3 164 4.7 1.6
UbqO-dependent TOR cyoB DAMO 1118 73 0.5 16 0.2 0.3
cyoA DAMO 1119 19 0.3 5 0.1 0.4
Diiron cyanide-insensitive AOX aox DAMO 2910 41 0.6 39 0.9 1.5
Dyp-type peroxidase dyp DAMO 0362 35 0.4 3 0.1 0.1
Di-haem cytochrome c peroxidase ccp DAMO 1661 41 0.6 5 0.1 0.1
ccp DAMO 1666 93 0.6 41 0.4 0.6
Alkyl hydroperoxidase ahpC DAMO 1985 97 1.6 253 6.6 4.1
Superoxide dismutase sodB DAMO 0395 215 3.6 80 2.1 0.6
Rubrerythrin rbr DAMO 1284 129 2.6 31 1 0.4
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Summary and outlook
In this thesis several important microbiological and applied aspects of M. 
oxyfera bacteria were described as summarized below. In chapter 2 the development of 
functional markers for the environmental detection of M. oxyfera was discussed, in 
chapter 4 the community composition of M. oxyfera enrichment cultures was described 
and in chapters 3, 5 and 6 important topics for future application of M. oxyfera bacteria 
were addressed; the search for suitable inocula to start pilot scale tests, the possibility 
to establish cocultures of n-damo and anammox bacteria and the effects of oxygen on 
the metabolism of M. oxyfera. The research presented in this thesis, together with the 
previous work on M. oxyfera, represents a good starting point to explore and eventually 
exploit nitrite-dependent anaerobic methane oxidation (n-damo) as a process for energy 
efficient wastewater treatment. Recent examples on other anaerobic processes gives us 
a possible perspective on the (future) n-damo applied research; the anammox process 
was discovered in a WWTP in the early 1990s and in 2004 a full scale treatment plant 
was build (Jetten et al., 2005; Kuenen, 2008). Before this process could be applied at 
full scale, detailed insight into the ecophysiology of anammox bacteria was necessary. 
In the case of M. oxyfera bacteria the following feasibility studies are advised before 
pilot scale tests should be initiated.
Functional markers and environmental screening
The pmoA  gene is a well known phylogenetic marker for aerobic 
methanotrophs. Recently new pmoA  sequences divergent from the known pmoA  
sequences were obtained (Stoecker et al., 2006; Op den Camp et al., 2009; Tavormina,
2010), including the pmoA  gene present in the genome of Candidatus Methylomirabilis 
oxyfera (Ettwig et al., 2010). In this study (chapter 2) we developed new pmoA  primers 
specific for M.oxyfera. Primers were validated on samples from the Ooijpolder (The 
Netherlands), a sampling site previously used to obtain M. oxyfera enrichment cultures. 
Samples from wetlands (China), aquifers (USA, The Netherlands), ditches (The 
Netherlands) and wastewater treatment plants (WWTP, The Netherlands) were tested 
as well. The developed primers were effective in a nested PCR approach, resulting in 
M. oxyfera specific pmoA sequences. In a very recent study new primers targeting the 
pmoA  gene of M. oxyfera were used to detect ‘NC10’ bacteria in sediments of Lake 
Konstanz (Deutzmann and Schink, 2011).
M. oxyfera bacteria employ a novel intra-aerobic pathway, in which a putative 
NO dismutase plays a central role (Ettwig et al., 2010). A candidate gene for the 
dismutation of NO is norZ (or qnor), which had an increased coverage in the
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transcriptome analysis (Ettwig et al., 2010) and was up-regulated 7.5 fold after M. 
oxyfera biomass was exposed to oxygen (chapter 6). This gene could be a target for 
future biomarkers to detect M. oxyfera bacteria. Another possible biomarker could be 
M. oxyfera-specific lipids. This method was applied successfully for the environmental 
screening of e.g. anammox bacteria which contain ladderanes, aerobic ammonium 
oxidizing archaea containing crenarchaeols and aerobic methanotrophs (Damste et al., 
2002a; Damste et al., 2002b; Kuypers et al., 2003; Schmid et al., 2003; Bodelier et al., 
2009). If the lipid composition of n-damo bacteria is known, suitable anoxic 
environments could be screened for these bacteria in combination with the M. oxyfera 
specific PCR primers.
Metagenomics and metatranscriptomics are new tools to analyze and 
characterize microbial communities (Cardenas and Tiedje, 2008). Compared to 
metagenomics, metatranscriptomics provides an estimate of the community activity 
and abundance when mRNA is directly isolated from the environment and changes in 
transcription levels could be detected when mRNA is isolated from a defined 
community which is being exposed to various environmental conditions 
(Chistoserdova, 2010). Ongoing developments in sequencing methods facilitate the 
cheaper production of longer reads, allowing us to study the abundance and activity of 
M. oxyfera bacteria in the environment or the difference in transcription levels under 
defined growth conditions. For example; the metatranscriptome of a coculture of 
anammox and n-damo bacteria (chapter 5) or an n-damo enrichment culture where 
various wastewater constituents were added, could give information on the M. oxyfera 
response to those changes. Another technique in the ‘-omics’ toolbox to study M. 
oxyfera under various conditions is metaproteomics. The expression profiles of 
proteins in individual organisms or communities could yield information about protein 
function and response (Schneider and Riedel, 2010).
N-damo performing enrichment from wastewater sludge
To find suitable inocula to start pilot scale tests for application of n-damo, ten 
WWTPs in The Netherlands were screened with molecular tools (chapter 3). We could 
find ‘NC10’ bacteria with 98% similarity to M. oxyfera in nine out of ten WWTPs 
screened. In addition, an enrichment culture of M. oxyfera-like bacteria was obtained 
from sludge selected of one of those WWTPs. This culture was capable of performing 
the n-damo process with conversion rates of 0.3 nmol CH4 min-1 mg protein-1 and 0.9 
nmol NO2- min-1 mg protein-1 at ambient temperature. Using specific pmoA  primers
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(see chapter 2) the n-damo performing culture was monitored. The enriched bacteria 
could be detected using a direct PCR. After 308 days, the n-damo bacterial population 
increased up to 60-70% of the community as determined with FISH analysis.
The n-damo process was expected to be found in close proximity to 
oxic/anoxic zones with the steep nutrient gradients (occurring in millimeters). This 
could complicate the sampling for sufficient n-damo bacteria for cultivation. In this 
study (chapter 3) a Carrousel with oxic and anoxic zones to polish effluent of an UASB 
reactor, was sampled. The timeframe to establish a n-damo performing culture 
originating from wastewater sludge took approximately 300 days which is too long for 
pilot scale tests. The quest for a more defined system with stable operational conditions 
in which M. oxyfera bacteria constitute a significant portion of the biomass remains. 
Such system may be used as an inoculum for fast enrichment of n-damo bacteria. 
Another possibility for faster enrichment of M. oxyfera is to improve the sludge 
retention time or prevent wash out of biomass. Carrier material, biomass granulation or 
membrane filter systems could be used to accomplish this.
In chapter 3 the n-damo bacteria were enriched at ambient temperature (20- 
23°C). However the temperature of wastewater in moderate climates could decrease to 
10-7°C in winter times. The influence of temperature on n-damo activity needs further 
investigation.
The candidate division ‘NC10’ consists of 16S rRNA sequences obtained from 
many freshwater as well as some marine samples (Rappe and Giovannoni, 2003; 
Ettwig et al., 2009; Zhu et al., 2010). In chapter 2 and 3 only freshwater samples were 
tested, but with the increased deposition of nitrogen via river discharge into estuaries or 
coastal seas (Howarth, 2008) it will be interesting to screen polluted estuarine and 
marine ecosystems for the presence of M. oxyfera bacteria with the newly developed 
16S rRNA and pmoA  primers. In addition, methane is present in hydrothermal vent 
environments (Martin et al., 2008) and could be potential habitat for ‘NC10’ bacteria. 
In these marine systems n-damo bacteria may have to compete with microorganisms 
performing sulfate-dependent anaerobic oxidation of methane (AOM) (Knittel and 
Boetius, 2009). Salt adapted n-damo bacteria may be used to treat high salinity 
wastewater. Additional experiments to test the effects of different salt concentrations 
and other potentially inhibiting compounds (like methanol, methylamines, amino acids 
and sulfide) on the n-damo process are necessary to determine for which type of 
wastewater this process can be used.
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The non-M .oxyfera population
The enrichment cultures performing nitrite-dependent methane oxidation are 
dominated for 70-80% by M. oxyfera. The identity and functional role of the other 30­
20% of the community is unknown. We analyzed the community composition using 
available metagenomic and metatranscriptomic data by database searches and 
identification of signature genes (chapter 4). These results showed that no single 
species was dominant beside M. oxyfera. Although no single clade was highly 
represented, some orders were more abundant in the non-M. oxyfera community than 
others. Apparently, there were still niches present in the bioreactor that allowed other 
microorganisms to grow. In particular processes related to C1 utilization, 
denitrification, degradation and remineralization were found. Known group-specific 
fluorescence in situ hybridization (FISH) probes showed that the community contained 
Proteobacteria, Chloroflexi and Planctomycetes in detectable numbers, in accordance 
with the presence of these phyla in the metagenome and metatranscriptome. These 
clusters of bacteria were also found in the enrichment culture of Kuenenia 
stuttgartiensis performing the anammox process (Strous et al., 2006).
Analysis of the M. oxyfera genome sequence showed that the pathway to 
synthesize cofactor pyrroloquinoline quinone (PQQ) was not complete. PQQ is a redox 
cofactor of methanol dehydrogenase (MDH) (Duine et al., 1990), where MDH 
catalyses the conversion of methanol to formaldehyde in the aerobic methane oxidation 
pathway. It is possible that the cofactor PQQ is provided by the non-M. oxyfera 
population. The supply of such a cofactor, or cofactor mixtures, to the medium of 
active enrichment cultures may be useful to stimulate growth. Once missing growth 
factors are identified, attempts to isolate M. oxyfera may prove successful.
Isolation of M. oxyfera bacteria can be established by either physical 
separation i.e. density gradient centrifugation (Strous et al., 1999), flow cytometry 
(Czechowska et al., 2008; Wang et al., 2009) or laser tweezers (Frohlich and Konig, 
2000), or by dilution series using suitable media and substrates. Such a pure culture 
could help to unravel the unexplored parts of the n-damo metabolism. In addition, 
transformation or knockout studies may be possible with a pure culture of M. oxyfera 
bacteria. Another possible method to get a highly enriched culture (up to 97%) is the 
use of a membrane bioreactor to obtain single cells, which was successfully applied to 
anammox bacteria (van der Star et al., 2008; Kartal et al., 2011).
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Anammox and n-damo
Nitrite-dependent anaerobic oxidation of methane and ammonium are two 
processes in the nitrogen cycle, catalyzed by n-damo and anammox bacteria 
respectively. The feasibility of anammox and n-damo cocultures is important for 
implementation in wastewater treatment systems that contain both substantial amounts 
of methane and ammonium. A coculture was obtained by adding ammonium to a stable 
M. oxyfera enrichment that contained residual anammox bacteria (chapter 5). After 161 
days a coculture, with about equal amounts of n-damo and anammox bacteria, was 
established that converted nitrite with 17.2 mmol d-1 (0.1 kg-N m3d-1). These results 
imply that application of a coculture of anammox and n-damo bacteria for nitrogen 
removal may be feasible in the near future.
Both anammox and n-damo bacteria use nitrite as electron acceptor. After the 
removal of organic compounds from wastewater, ammonium remains in the effluent. 
To obtain oxidized nitrogen species from ammonium, partial nitrification systems such 
as completely autotrophic nitrogen removal over nitrite (CANON) could be used. In 
this process, aerobic and anaerobic ammonium oxidizing microbes convert inorganic 
nitrogen compounds under oxygen limited conditions in a single stage reactor (Third et 
al., 2001; Yan et al., 2010). If methane is also present, it is expected that aerobic 
methane oxidizing bacteria would start to develop. In these oxygen limited systems n- 
damo bacteria have to compete with the aerobic methane oxidizers for methane, and 
they would have to compete for nitrite with the anammox bacteria. Therefore, it is 
necessary to study the community response when oxygen is introduced into the 
coculture and test the competitive fitness of n-damo bacteria. High through put 
sequencing of samples before and after oxygen exposure, activity measurements and 
isotopic labeling studies using 15N and 13C will be necessary to study changes in 
community composition and expression profiles.
The effects of oxygen
The response of an anaerobic M. oxyfera enrichment culture to oxygen 
exposure (2 or 8% O2 in the headspace) was investigated and described in chapter 6. 
This will help to predict whether M. oxyfera cells are able to cope with oxygen; 
conditions relevant to wastewater treatment. We observed a significant shift in the 
kinetics of methane oxidation and denitrification, transcription of central metabolic 
genes and the oxygen-uptake profile after oxygen exposure of the enrichment culture.
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The major catabolic pathways were down-regulated and conversion rates of methane 
and nitrite decreased. This indicates the harmful effect of 2 and 8% of oxygen in the 
central metabolism and vital cell functions of M. oxyfera bacteria.
Oxygen limitation and inhibition studies should be performed to further 
explore the possibility of oxygen as alternative electron acceptor. On the other hand, M. 
oxyfera cells were exposed to oxygen for a prolonged period (chapter 6). Despite the 
relatively long period of oxygen exposure, the question remains whether in a 
continuous culture with alternating oxic/anoxic conditions (Strous et al., 1997) M. 
oxyfera would adapt to or even benefit from microaerophilic conditions.
In conclusion, the research carried out in this thesis addressed important 
microbiological and applied aspects of the M. oxyfera bacteria. Future research should 
concentrate on further development of suitable genomic or lipid biomarkers to assess 
the diversity and abundance of M. oxyfera in the environment, and strategies to isolate 
M. oxyfera in pure culture have to be applied. In order to start pilot-scale tests, more 
intensive use of high through put sequencing to study the effects of various wastewater 
constituents and temperature on the metabolism of M. oxyfera is required. The growth 
factor and oxygen requirements of M. oxyfera need to be elucidated and experiments 
focused on the M. oxyfera physiology should be performed. Finally the competitive 
fitness of M. oxyfera bacteria under fluctuating conditions relevant to wastewater 
treatment practice must be known in more detail before large pilot trials can be 
initiated.
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Micro-organismen; ze zijn vaak kleiner dan een duizendste van een millimeter 
en met het blote oog niet zichtbaar. Toch vormen ze met elkaar de grootste hoeveelheid 
biomassa op aarde. Er zijn enorm veel verschillende soorten die op de meest 
uiteenlopende plekken voorkomen. Sommigen gebruiken zuurstof net als wij, voor 
anderen is zuurstof giftig. Het zijn de micro-organismen die een belangrijke rol spelen 
in de elementaire kringlopen op aarde. Deze veelzijdigheid maakt dat micro- 
organismen op veel verschillende manieren worden toegepast in bijvoorbeeld de 
productie van medicijnen, de bereiding van voedingsmiddelen en in 
afvalwaterzuivering.
Afvalwater produceren we elke dag in de vorm van huishoudelijk en 
industrieel afvalwater. De verschillende typen afvalwater worden met verschillende 
technieken gezuiverd van o.a. organische stoffen, stikstof (ammonium) en fosfaat. 
Zonder zuivering zouden deze stoffen zorgen voor zuurstofarm oppervlaktewater en 
eutrofiëring. Tegenwoordig zijn er strenge criteria waaraan de kwaliteit van het water 
moet voldoen bij lozing op het oppervlaktewater. De huidige prijs voor lozing van 
stikstof is € 3,- per kilo. Per jaar is de stikstof uitstoot in Nederland ongeveer 15000 ton 
(www.cbs.nl). Het zuiveren van water gaat nu veelal met behulp van een combinatie 
van micro-organismen die enerzijds ammonium met zuurstof omzetten tot nitriet en 
nitraat en daarna het nitraat met behulp van organische verbindingen weer 
terugbrengen tot het onschadelijke stikstofgas. Echter, de huidige technieken zijn 
energie consumerend en onderzoek naar nieuwe technieken die energie neutraal of 
energie producerend zijn is vanuit duurzaamheidsoogpunt zeer wenselijk.
Een microbe met nieuwe mogelijkheden voor de afvalwaterzuivering is zo’n 5 
jaar geleden ontdekt in het Twente kanaal. Deze bacterie zet methaan (CH4) en nitriet 
(NO2-) om in koolstofdioxide (CO2) en stikstofgas (N2) in afwezigheid van zuurstof 
(O2). Dit proces heet nitriet-afhankelijke anaërobe methaan oxidatie (n-damo). Dit 
proces koppelt de koolstof en stikstofcyclus aan elkaar (Hoofdstukl, Figuur 1). Om de 
langzaam groeiende n-damo bacteriën te kunnen bestuderen, zijn speciale 
kweekmethoden nodig met een zeer efficient biomassa retentie. Door het toevoegen 
van methaan en nitriet aan bioreactoren met bijvoorbeeld entmateriaal uit het Twente 
kanaal, werden uiteindelijk n-damo bacteriën verrijkt tot ongeveer 70-80%. Van deze 
n-damo bacteriën is inmiddels ook het genoom opgehelderd. Het complete genoom en 
studies met stabiele isotopen waren noodzakelijk om het het centrale metabolisme van 
deze bacterië te onderzoeken. Hieruit bleek dat deze bacterie de bijzondere eigenschap 
heeft om zijn eigen zuurstof te maken. Dit betekent dat de cellen het zelf gemaakte 
zuurstof gebruiken om methaan te oxideren. Deze bacterie, die het n-damo proces
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uitvoert, heeft de volgende naam gekregen: ‘Candidatus Methylomirabilis oxyfera’. 
Methyl, van de methyl-groep (R-CH3), mirabilis betekent verbazingwekkend, oxy komt 
van zuurstof en fera  betekent dragend of producerend.
Dit proefschrift beschrijft het onderzoek naar de mogelijkheid om M. oxyfera 
bacteriën te kunnen toepassen in een nieuwe vorm van afvalwaterzuivering. Het project 
werd gefinancierd door de Stichting Technologie Wetenschappen (STW) en was een 
samenwerking van de Wageningen Universiteit en de Radboud Universiteit Nijmegen. 
In Hoofdstuk 1 wordt de achtergrond van dit onderzoek beschreven. De hierna 
volgende alinea’s geven een samenvatting van de onderzoeksresultaten.
Er zijn moleculaire detectie methoden om te onderzoeken waar M. oxyfera 
bacteriën voorkomen. Eén daarvan is de polymerase-kettingreactie (PCR). Hierbij 
worden met behulp van korte oligonucleotiden (primers), specifieke stukjes uit het 
genoom vermenigvuldigd en daarna geanalyseerd op de volgorde van de verkregen 
nucleotiden. Met deze volgorde (sequentie) kunnen bepaalde groepen micro- 
organismen worden gedetecteerd en geïdentificeerd. In Hoofdstuk 2 wordt de 
ontwikkeling van nieuwe primers die specifiek zijn voor het pmoA  gen van M. oxyfera 
beschreven. Het pmoA  gen codeert voor een enzym dat de eerste stap in de omzetting 
van methaan met zuurstof naar uiteindelijk koolstofdioxide katalyseert, een reactie die 
M. oxyfera bacteriën uitvoeren. Met behulp van de nieuwe primers kon worden 
aangetoond dat M. oxyfera is vele zuurstofarme milieu's voorkomt.
In Hoofdstuk 3 hebben we tien verschillende waterzuiveringen gescreend op 
de aanwezigheid van M. oxyfera bacteriën. Hierbij zijn de PCR primers gebruikt die 
beschreven staan in Hoofdstuk 2. In negen van de tien waterzuiveringen zijn M. 
oxyfera bacteriën aangetoond. Het slib van één van deze waterzuiveringen (locatie: 
Lieshout) is gebruikt als entmateriaal om een verrijkingscultuur te krijgen. Na 308 
dagen hadden we een verrijking van 60-70%. Deze resultaten laten zien dat het slib uit 
de waterzuivering in Lieshout zou kunnen worden gebruikt als entmateriaal om 
grootschalige proeven voor nieuwe waterzuiveringstechnieken op te starten.
De verrijkingsculturen die het n-damo proces uitvoeren bestaan voor 70% uit 
M. oxyfera bacteriën. De rol en functie van de micro-organismen in de resterende 30% 
van de verrijkingscultuur was niet bekend. We hebben de samenstelling van de cultuur 
geanalyseerd met behulp van genomische informatie (metagenoom, metatranscriptoom, 
signature genes) en microscopie (Hoofdstuk 4). De analyses wezen uit dat er geen 
dominante groepen van micro-organismen aanwezig waren naast M. oxyfera, maar dat 
de resterende 30% verdeeld was over een grote hoeveelheid verschillende soorten. Er 
waren aanwijzingen gevonden voor een drietal processen die mogelijk worden
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uitgevoerd door de resterende 30% micro-organismen; koolstof omzetting, 
denitrificatie, degradatie en remineralisatie van dode biomassa.
M. oxyfera bacteriën voeren het n-damo proces uit en spelen een rol in de 
stikstof kringloop. Een ander proces in deze kringloop is de nitriet-afhankelijke 
anaërobe oxidatie van ammonium (anammox). Anammox bacteriën worden steeds 
meer toegepast in een nieuwe vorm van afvalwaterzuivering, waarbij ammonium en 
nitriet worden gecombineerd tot stikstofgas. De grootste anammox bioreactor wordt nu 
in China gebouwd met een inhoud van 6700 m3 (dat is een volume van ongeveer drie 
Olympische zwembaden vol). In Hoofdstuk 5 hebben we onderzocht of we een stabiele 
cocultuur konden verkrijgen met de potentiële waterzuiveraar M. oxyfera en de al 
toegepaste anammox bacteriën, om zo simultaan ammonium, nitriet en methaan te 
kunnen verwijderen uit afvalwater. Na 161 dagen van cultivering, waarbij ammonium 
limiterend was, bestond de cultuur uit ongeveer 50% M. oxyfera en 50% anammox 
bacteriën. Dit zijn de eerste resultaten van een cocultuur met deze twee typen bacteriën 
die laten zien dat beide soorten uitstekend kunnen samenleven onder ammonium 
limitatie. Op basis van deze bevindingen kan verder onderzoek worden gestart naar de 
haalbaarheid en toepasbaarheid van de cocultuur.
De M. oxyfera bacteriën worden gekweekt zonder toevoeging van zuurstof, 
maar de analyse van het genoom liet zien dat M. oxyfera zijn eigen intracellulaire 
zuurstof kon maken. Hoofdstuk 6 beschrijft de resultaten van een experiment waarbij 
twee verschillende concentraties zuurstof (2 en 8%) werden toegevoegd aan een M. 
oxyfera cultuur. Na het toevoegen van zuurstof werden methaan en nitriet veel minder 
snel omgezet in vergelijking met zuurstofloze omstandigheden. Bovendien werden veel 
vitale celfuncties van M. oxyfera negatief beïnvloed na blootstelling aan zuurstof. Deze 
resultaten duiden op een schadelijk effect van het toevoegen van 2 of 8% zuurstof op 
M. oxyfera bacteriën.
In dit proefschrift staan belangrijke microbiologische en toegepaste aspecten 
van M. oxyfera bacteriën beschreven en is een start gemaakt naar het onderzoeken van 
de toepasbaarheid van M. oxyfera in afvalwaterzuivering. In Hoofdstuk 7 zijn de 
belangrijkste onderzoeksresultaten samengevat en worden er aanbevelingen gedaan 
voor vervolg onderzoek. Speerpunten voor toekomstig onderzoek zouden kunnen zijn 
het isoleren van M. oxyfera in een pure cultuur, de effecten van temperatuur en 
verschillende bestanddelen in afvalwater op M. oxyfera onderzoeken, M. oxyfera 
groeisnelheden en affiniteit voor methaan en nitriet bepalen en verbeteren, en 
competitie experimenten uitvoeren met M. oxyfera bacteriën die relevant zijn voor 
condities aanwezig in afvalwaterzuiveringsinstallaties.
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